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SUMMARY

In modern societies, stress is pervasive, requiring sophisticated physiological mechanisms for stability and 

survival, primarily through the sympatho-adrenal medullary (SAM) and hypothalamo-pituitary adrenal (HPA) 

axes. Chronic stress is linked to a range of mental and physical health problems and has been shown to affect 

immune function. In this study, a paradigm for social stress transmission in groups of mice was established, 

based on a restraint stress model to study how stress spreads among individuals. Mice exposed to indirect 

stress exhibited HPA-axis activation, elevated corticosterone (CORT) levels, enlarged adrenal glands, and 

anxiety-like behaviors in light-dark-box tests. Notably, female mice were more susceptible to stress trans

mission. While stress transmission enhanced innate immune responses, it did not affect adaptive immunity 

following vaccination with a poly(lactic-co-glycolic acid) (PLGA)-based vaccine. In contrast, direct stress 

impaired both immune responses and the effectiveness of immunotherapy in a melanoma model.

INTRODUCTION

In today’s highly dynamic human societies, coping with stressful 

situations has become an integral part of our daily lives. The 

physiological stress response plays a vital role in overcoming 

such challenges, maintaining homeostasis, and ensuring sur

vival. This response is primarily mediated by the activation of 

the sympatho-adrenal medullary system (SAM) and the hypo

thalamic-pituitary-adrenal (HPA) axis. From an evolutionary 

perspective, an acute stress response is an essential mecha

nism to ensure survival. However, in modern societies, individ

uals are increasingly exposed to chronic stress, which poses sig

nificant health risks. Chronic stress contributes to mental 

disorders, such as depression and anxiety,1,2 and physical ill

nesses including cardiovascular disease and malignancies.3,4

Importantly, the impact of chronic stress is not confined to hu

mans; environmental changes and shrinking natural habitats 

create persistent stressors for animals as well. In rodents, 

numerous studies have confirmed parallels with human stress- 

related diseases, providing valuable insights into the dynamics 

and mechanisms of stress-related disorders.5,6 For example, 

chronic stress has been shown to increase susceptibility to in

fectious diseases7 and impair viral clearance in mice.8 These 

findings highlight the complex interplay between physiological 

stress responses and the immune system. Chronic stress refers 

to prolonged or repeated exposure to stressors that challenge 

the body’s ability to maintain homeostasis. While short-term 

stress responses can be adaptive, enabling organisms to cope 

with immediate threats, sustained activation of stress pathways 

can lead to physiological dysregulation. Over time, this maladap

tive response can impair the immune system, resulting in impair

ments in both innate and adaptive immunity.9 While cells of the 

innate immune system adopt a pro-inflammatory phenotype un

der chronic stress,10,11 the adaptive immune response suffers in 

efficacy, with both cellular and humoral immunity adversely 

affected.8,12,13

Despite intensive research on the effect of acute and chronic 

stress on physiology and behavior, the phenomenon of trans

mission of physiological stress has only recently gained attention 

in research. In humans, stress contagion has been investigated 

by examining stress responses in individuals observing stressful 

situations.14,15 The transmission of stress to observer individuals 

is strongly influenced by their capacity for empathy.16 While 

stress contagion has become a prominent research topic in hu

mans, studies on animal collectives remain limited.17 Although 

empathy continues to be a central focus in studies involving 

non-human primates,18 research on lower animals within collec

tive groups is still in its early stages. Existing research has pri

marily focused on pairs of animals, exploring how stress spreads 

from one individual to another.19,20 These experiments have 
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provided valuable insight in the dynamics of stress transmission 

between individuals but underscore the need for expanded 

research on groups and collectives of animals to understand 

the influence of social structures and collective behavior. For 

instance, experiments in groups of rodents have used models 

adapted from human research, such as observing social defeat 

in conspecifics (reviewed by Carnevali et al. in 202021).

In the present study, we established a paradigm that enables 

the investigation of stress transmission within groups of mice. 

The model is based on the social contagion of physiological 

stress induced by restraint stress. Recipient mice exposed to 

this secondary, socially transmitted stress consistently exhibited 

a physiological stress response. Specifically, we demonstrated 

activation of the HPA axis in these animals, accompanied by al

terations in anxiety-like behavior and immune modulation. This 

paradigm thus provides a valuable foundation for studying the 

mechanisms of stress transmission within social contexts and 

its effects on physiological and behavioral outcomes.

RESULTS

Stress transmission impacts physiology and immune 

parameters within social groups of mice

Transmission of physiological states within social groups of an

imals is a frequently observed yet poorly understood phenome

non. Here, we investigate whether transmission of physiological 

stress in a group of mice and the resulting consequences on the 

respective animals can be detected. Mice were subjected to 4 h 

of restraint stress and subsequently co-housed with stress naive 

mice for 16 h prior to the analysis as described in Figures S1 and 

S2A. When comparing the co-housed mice that experienced so

cially transmitted stress (TS) from acutely stressed individuals 

(ARS) with control mice (CTRL), a significant increase in adrenal 

gland weight was detected (Figure 1B). Although no significant 

impact on the thymic mass and corticosterone (CORT) levels 

were measured in TS and ARS mice compared to CTRL mice, 

a clear tendency toward reduced thymic mass and increased 

CORT levels could be observed in both ARS and TS mice 

(Figures 1A and 1C). Next, we investigated behavior of mice sub

jected to restraint stress and stress transmission in a light-dark- 

box test (Figure 1D). Although not significantly different, 

compared with CTRL mice, TS mice showed a similar trend to

ward more anxiety-like behavior as ARS mice.

The immune system is closely linked to the stress axis and in 

particular, innate immune parameters were reported to be 

increased upon subjection to stressors.10 Hence, secretion of 

the pro-inflammatory cytokines interleukin-6 (IL-6) and tumor ne

crosis factor (TNF) were quantified by ELISA. Splenocytes of 

CTRL, chronic restraint stress (CRS), and TS mice were stimu

lated overnight with lipopolysaccharide (LPS) and cytokine levels 

in the supernatant were determined (Figures 1E and 1F). While 

IL-6 secretion in response to LPS stimulation was not altered 

in the TS group (Figure 1E), the detected levels of TNF in the su

pernatant of TS mice were significantly higher than CTRL levels 

(Figure 1F). These data suggest that stress can be socially trans

mitted among mice, as even a single incident of stress exposure 

led to significant physiological and immunological changes 

detectable within the social group. However, the observed ef

fects of stress transmission mediated by a singular event were 

minor. Hence, a more robust stress induction was required for 

deeper investigations of the effects of stress transmission 

in mice.

Chronic transmission of stress manifests HPA axis 

impairments but does not alter thymic development

Guided by our findings on social transmission of stress in an 

acute setting, our data suggest the necessity for further investi

gations on the dynamics of stress transmission in mice. Given 

that pathological responses to stress predominantly emerge 

from prolonged exposure, we anticipated more definitive out

comes regarding the impact of stress transmission when individ

uals are subjected to extended periods of social interaction with 

stressed conspecifics. Therefore, an experimental setup for 

chronic stress transmission over 10 days was established (see 

Figure S2B). Interestingly, the examination of HPA axis activation 

revealed notable differences in activation strength between the 

sexes. Female mice seemed to be more susceptible to stress 

transmission than their male counterparts. While both, male 

and female mice that were subjected to CRS lost weight over 

the course of the 10-day stress procedure, only male mice that 

experienced TS did show a normal development of body weight, 

similar to controls (Figure 2A). For female TS mice on the other 

hand, the body weight increase over 10 days was significantly 

lower compared to the control group with several individuals 

experiencing weight loss during the stress procedure interval 

(Figure 2C). Sex differences were also observable in adrenal hy

pertrophy development. Both, male and female mice experi

encing stress transmission showed a significant increase in ad

renal gland mass compared to control mice. However, the 

severity in male TS mice was significantly lower compared to 

the CRS group (Figure 2B). In contrast, adrenal gland hypertro

phy in female TS mice was similar to that in mice which were 

chronically stressed through restraint (Figure 2D). In response 

to the hypertrophy of the adrenal glands, an increase in plasma 

CORT levels was detected in CRS and TS mice. The elevations 

in plasma CORT levels, quantified by ELISA, were similarly 

increased in CRS and TS groups, affecting both sexes equally 

(Figures 2E and 2G). Interestingly, although thymocytes are sen

sitive to stress hormone-mediated apoptosis,22 no thymus atro

phy was detected in TS mice. While both, male and female mice 

subjected to CRS showed a drastic decrease in thymus weight, 

the thymuses in male as well as female TS mice were completely 

unaffected regarding weight loss (Figures 2F and 2H). This was 

confirmed by flow cytometric analysis of thymocyte populations. 

Figure 2I reveals significant declines across all populations (dou

ble negatives, single positives and double positives) in CRS mice 

relative to CTRL and TS groups between which no alterations 

were detectable. Despite the significant reduction of all thymic 

populations in CRS mice, a shift toward a diminished double- 

positive population relative to double negatives and single pos

itives was observed in these mice (Figures 2I and 2J). This was 

not evident for TS mice.

Our investigations reveal a highly significant physiological 

response to stress transmission in mice in the form of HPA 

axis activity, manifested in adrenal hypertrophy, increased 

plasma CORT levels as well as an alteration in body weight 
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development. Notably, female mice displayed a greater suscep

tibility to stress transmission compared to their male conspe

cifics. Yet, stress transmission appeared to have no impact on 

thymus weight or the composition of thymocyte populations.

Chronic stress transmission fosters anxiety-like 

behavior in mice

The strong induction of a physiological stress response in mice, 

co-housed with conspecifics that were subjected to chronic re

straint stress suggests an impact on animal behavior. In partic

ular, the highly elevated stress hormone levels measured in TS 

mice have the potential to contribute to anxiety and reduced 

exploratory behavior in mice. For quantitative investigation of 

these behavioral shifts, we performed light-dark-box and open 

field tests. Quantification of the anxiety-like behavior revealed 

an impact of stress transmission (Figure 3). The study indicates 

that while stress transmission did induce anxiety-like behavior 

in mice, only modest effects on exploration were detected. In a 

light-dark-box test, CRS and TS mice spent significantly less 

time exploring the light box but stayed within the dark box for 

a longer duration relative to controls (Figures 3A–3C). This ten

dency was less pronounced in mice experiencing stress 

Figure 1. Effects of acute stress transmission on physiology, anxiety-like behavior, and immune parameters 

(A and B) Female C57BL/6 mice (n = 12–16 per group) were subjected to acute restraint stress (ARS, red squares), stress transmission (TS, blue triangles), or 

control treatment (CTRL, black dots). 1 day after the stress procedure, thymuses (A) and adrenal glands (B) were harvested, and the organ mass was determined 

relative to the body weight. 

(C) Corticosterone levels were analyzed in the blood plasma via ELISA. 

(D) 4 h after the stress procedure, mice were tested for exploratory behavior in a light-dark box using an automated tracking device. Cumulative duration in light 

box is depicted. 

(E and F) 1 day after the stress procedure, splenocytes were harvested and incubated for 72 h with 1 μg/mL LPS. Supernatants were analyzed for secreted IL-6 

(E) and TNF (F) via ELISA. Pooled data from three independent experiments are presented as means ± SD. 

Statistics: one-way ANOVA followed by Tukey’s multiple comparison test *p < 0.05 and **p < 0.01.
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Figure 2. Impacts of chronic stress transmission on physiology 

(A and C) Male (n = 10 per group) (A) or female (n = 10 per group) (C) C57BL/6 mice were subjected to chronic restraint stress (CRS, red squares), stress 

transmission (TS, blue triangles), or control treatment (CTRL, black dots) and the change in body weight was monitored from day 1 to day 10 of the stress 

procedure. Pooled data from five independent experiments are presented as means ± SD. 

Statistical significance was analyzed by ANOVA followed by Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not 

significant. 

(B and D–H) Male or female C57BL/6 mice (n = 10) were subjected to chronic restraint stress (CRS, red squares), stress transmission (TS, blue triangles), or control 

treatment (CTRL, black dots). One day after the last stress procedure, adrenal glands (B and D) and thymuses (F and H) were harvested, and the organ mass was 

determined relative to the body weight. (E and G) Corticosterone levels were analyzed in the blood plasma via ELISA. (B, D, E, F, and G) Pooled data from three 

independent experiments are presented as means ± SD. 

Statistics: ANOVA followed by Tukey’s multiple comparison test; *p < 0.05, **p < 0.01 ***p < 0.001, and ****p < 0.0001; ns, not significant. 

(legend continued on next page) 
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transmission, indicating a similar outcome as observed in the 

open field test. Here, only chronically stressed mice (CRS group) 

spent significantly less time exploring the inner zone of the arena 

compared to the control group. This shift in exploratory behavior 

was not visible to a significant extent in TS mice. However, no 

significant differences in exploratory behavior between chroni

cally stressed mice (CRS) and mice that experienced stress 

transmission (TS) was detected either (Figures 3D and 3E).

In addition to anxiety-like and exploratory behavior, an effect 

of stress and stress transmission on the cognitive capacity of 

the animals was investigated. The data revealed no significant 

impact of stress or its social transmission on short-term memory 

and recognition capabilities in a novel object recognition test. All 

groups, regardless of stress exposure, displayed a similar inter

est in exploring the novel object (Figure 3G). Notably, despite the 

observed sex differences in HPA axis activation, no significant 

differences were found between the sexes in behavioral 

assessments.

Elevated cytokine secretion to LPS stimulation in mice 

experiencing chronic stress transmission

Stress has been shown to interact with the immune system in a 

complex manner. Cytokine secretion by innate immune cells 

upon chronic stress exposure is known to be increased and 

shifted toward a pro-inflammatory milieu. The effect of stress 

transmission on innate immunity, in particular cytokine secretion, 

was assessed in LPS stimulated splenocytes. Cell culture super

natants were analyzed for various cytokines using flow cytome

try based multiplex screening. Most pro-inflammatory cytokine 

levels produced by splenocytes of chronically stressed mice as 

well as stress transmission mice were upregulated relative to 

controls (Figure 4A). TNF and IL-6 levels were additionally quan

tified by ELISA. Relative to control mice, significantly elevated 

secretion of TNF (Figure 4B) and IL-6 (Figure 4C) was detected 

in CRS and TS mice whereas no significant difference between 

the latter was evident for neither of the cytokines.

Efficacy of the adaptive immunity is not affected by 

stress transmission

Elevated cytokine levels and an overactivation of innate immu

nity as a consequence of chronic stress are often correlated 

with immunopathology. In contrast, the adaptive immunity is 

suppressed in its efficacy upon a chronic stress exposure. 

Therefore, we conducted a series of experiments based on vac

cinations with a poly(lactic-co-glycolic acid) (PLGA)-micropar

ticle (MP) based vaccine platform to analyze the antigen-specific 

immune response upon exposure to chronic stress and stress 

transmission. CRS, TS, or control mice were immunized subcu

taneously with PLGA MP carrying ovalbumin (Ova) and the TLR- 

3/RIG-I ligand Riboxxim on day 5 of the stress procedure (see 

Figure S2C). On day 21, the bone marrow was analyzed by 

FLUOROSPOT for Ova-specific IgG secreting plasma cells. No 

significant difference in the amount of spot forming units was de

tected between all groups, regardless of stress exposure 

(Figure 5A). Confirmatory, no significant differences in serum 

antibody titers were found between all three groups. The EC50 

of Ova-specific IgG antibody titers revolved around similar levels 

as depicted in Figure 5B. Next, Ova specific T cell responses 

were analyzed via intracellular cytokine staining for interferon 

gamma (IFNγ) of CD8+ cytotoxic T lymphocytes (CTLs). Mice 

were immunized on day 5 of the stress procedure and 6 days 

later, single cell suspension of splenocytes were re-stimulated 

with SIINFEKL peptide (see Figure S2D). IFNγ production was 

measured by flow cytometry. Mice exposed to chronic restraint 

stress showed a significant reduction in IFNγ+ cells of about 50% 

relative to controls. In contrast, the CTL response of mice expe

riencing stress transmission was unaffected, showing similar 

levels as the control group (Figure 5C). PLGA MP anti-tumor 

vaccination has been used as a tool for T cell driven immuno

therapy.23 We employed a B16-Ova melanoma mouse model 

for lung metastasis formation to investigate the impact of stress 

and stress transmission on applied cancer vaccination therapy. 

Mice were double-route immunized (subcutaneously and intra

nasally) with PLGA MP Ova/Riboxxim or empty control particles 

on day 5 of the stress procedure (see Figure S2E). 6 days later, 

mice were inoculated with 1 × 105 B16-Ova cells intravenously. 

The analysis of lung tissue for metastasis 21 days post-tumor cell 

application revealed a similarly significant reduction in metas

tasis count in both control and TS mice treated with the PLGA 

MP vaccine, compared to those receiving empty control MP. 

This therapeutic effect was not observed in chronically stressed 

mice, which showed a high metastasis count similar to the empty 

control vaccination (Figure 5D). Histological examination further 

confirmed the reduced metastasis in TS mice and highlighted the 

contrast with the high metastasis burden in the chronically 

stressed group (Figure 5E).

DISCUSSION

The phenomena of stress transmission or emotional contagion 

have been described in humans and non-human primates.24–27

Despite expanding research on stress transmission into diverse 

animal collectives,17 the exploration of these phenomena re

mains nascent. Specifically in the context of rodents, investiga

tion of stress transmission remains a widely underexplored 

topic. While emotional contagion of pain and fear between indi

viduals was reported in mice and rats,28 little is known on the 

transmission of the physiological state of stress within social 

groups of rodents. A primary limitation in this area of research 

is the lack of adequate stress models. Recent advancements 

on understanding the dynamics of stress transmission in mice 

were achieved by applying chronic social defeat stress 

models.21 Here, one individual is invading the home cage of a 

physically superior dominant male, leading to social defeat and 

the induction of a stress response. The model depends on social 

hierarches, which makes it suitable for effectively inducing stress 

(I) Thymocytes were analyzed by flow cytometry for CD4 and CD8 populations (n = 8 mice per group (4 female, 4 male)). Absolute cell numbers pooled from two 

independent experiments are presented as means ± SD. 

Statistics: two-way ANOVA, followed by Tukey’s multiple comparison test; ****p < 0.0001; ns, not significant. 

(J) Representative flow cytometry plot showing thymocyte compositions of CRS and TS mice.
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in male mice. Nevertheless, inducing stress in female individuals 

has proven to be more challenging, although several groups re

ported successful attempts in females.29–31 In the present study, 

we established a paradigm for stress transmission in a group of 

mice based on restraint stress. Applying restraint stress allows 

for reproducible induction of physiological stress responses in 

a selected number of individuals of the group independent of 

sex differences. Furthermore, stress induction via immobilization 

in restraint tubes avoids inevitable injuries from bite wounds in 

dominance-based stress models. Bite wounds can potentially 

influence the scientific outcomes,32 which is of special relevance 

in studies involving immune modulation. With the applied model, 

Figure 3. Chronic stress transmission reduces exploratory behavior in mice 

(A and B) Male (n = 10 per group) and female (n = 10 per group) C57BL/6 mice were subjected to chronic restraint stress (CRS, red squares), stress transmission 

(TS, blue triangles), or control treatment (CTRL, black dots) for 10 consecutive days. On day 10 of the stress procedure, mice were placed in a light-dark box arena 

and tested for exploratory behavior for 5 min. The cumulative duration spent in the light box (A) or dark box (B) was quantified by automated video tracking. 

(C–E) Merged trials per group of one representative experiment are shown as heatmaps. On day 8 of the stress procedure, mice were placed in an open field arena 

and tested for exploratory behavior for 5 min. The cumulative duration spent in the inner zone (D) or outer area (E) of the maze was quantified by automated video 

tracking. 

(F) Merged trials per group of one representative experiment are shown as heatmaps. (A, B, D, and E) Pooled data of five independent experiments are presented 

as means ± SD. 

Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, and ****p < 0.0001; ns, not 

significant. 

(G) On day 9 of the stress procedure, mice were tested for cognitive performance in a novel object recognition test. Mice were trained for the familiar objects for 

10 min. After 5 min, mice were tested for the novel object recognition for 5 min. Data of five independent experiments are presented as ratio of the cumulative 

durations exploring the novel object and the familiar object is presented. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple 

comparison test; ns, not significant.
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reproducible evidence for stress transmission in groups of mice 

could be found on a physiological, behavioral, and immunolog

ical level.

The physiological stress response has been shown to have a 

major impact on physiology, behavior, and immune function. 

Extensive research on stress responses in mice has offered in

sights with potential relevance to human physiology.33 Devel

oping a mouse model for investigating stress transmission 

within groups could provide a better understanding of how phys

iological states, notably stress, are contagiously spread. Our 

findings demonstrate a significant impact of stress transmission 

following a single incidence of stress exposure. Acute, short- 

term stress has been shown to induce adrenal gland hyperplasia 

and thymus atrophy34 alongside pro-inflammatory activation 

within innate immunity.35 Although we were able to demonstrate 

a significant impact of transmitted stress in an acute, short-term 

setting, the overall effects observed were relatively modest. This 

was true not only for the mice exposed to transmitted stress but 

also for those subjected to direct stress. To investigate the phe

nomenon of stress transmission in greater depth and to amplify 

the physiological effects observed, we therefore transitioned to 

a chronic restraint paradigm designed to induce prolonged 

stress exposure and, consequently, chronic stress transmission. 

Indeed, within a chronic stress transmission paradigm, both the 

direct effects of stress and those of transmitted stress were 

markedly amplified. This approach allowed us to delineate clear 

differences in the stress responses of individuals exposed to 

direct stress versus those experiencing stress indirectly through 

transmission. Chronic stress is well known to be associated with 

substantial negative health outcomes.33 A mouse model of 

chronic stress transmission thus offers a valuable tool for under

standing—and potentially mitigating—the negative effects of 

stressful social environments.

By applying the developed paradigm for chronic stress trans

mission, we were able to demonstrate a transmission of stress 

on a physiological level. Manifestations such as adrenal hyper

trophy and elevated plasma CORT levels are hallmarks of a 

stress response in mice. These effects were significantly more 

pronounced in mice subjected to stress transmission compared 

to controls and were similar in magnitude to values reported in 

previous studies.36 Notably, we observed sex-based differences 

in the response to transmitted stress. While stress transmission 

was evidenced in both sexes, females seemed to be more sus

ceptible to the transmitted stress, showing similarly increased 

adrenal glands as chronically stressed mice and displayed a 

reduced weight gain compared to controls. In contrast, male 

TS mice did not show significant changes in body weight devel

opment and the adrenal gland hypertrophy, although noticeable 

higher compared to controls, did not match the levels of the 

CRS group. Indeed, minor sex differences in susceptibility to 

stress have been highlighted in previous studies in mice.37

Furthermore, it has been reported that female mice display 

more empathy-like behaviors than their male counterparts,38,39

potentially increasing their vulnerability to stress transmission. 

Empathy plays a crucial role in the spread of stress and its effects 

on the well-being of conspecifics. For example, in non-human 

primates, elevated body temperatures have been observed in 

response to the vocalizations of stressed individuals or the 

observation of social conflict.40,41 Despite the pronounced phys

iological effects of stress transmission-reflected in increased ad

renal gland weight and elevated plasma CORT levels-its impact 

did not extend to thymic mass or thymocyte development. Inter

estingly, while directly stressed mice exhibited significant thymic 

atrophy and a shift in thymocyte populations characterized by a 

reduction in CD4+CD8+ double-positive cells, mice exposed to 

transmitted stress remained unaffected. This is particularly 

notable given the high sensitivity of thymocytes, especially the 

double-positive population, to glucocorticoids.42 Although, 

measured plasma CORT levels of TS mice were not significantly 

Figure 4. Chronic stress transmission induces elevated cytokine 

secretion upon LPS stimulation 

Male (n = 5 per group) and female (n = 5 per group) C57BL/6 mice were 

subjected to chronic restraint stress, stress transmission, or control treatment 

for 10 consecutive days. On day 11, splenocytes were harvested and stimu

lated in vitro for 75 h with LPS. Supernatants were screened for cytokine 

secretion using a flow cytometry based multiplex assay (A). Pooled data of two 

independent experiments are presented as heatmap plot of fold change 

relative to controls. TNF (B) or IL-6 (C) levels in the supernatants of chronically 

restraint stressed (CRS, red squares, n = 10) mice or mice subjected to stress 

transmission (TS, blue triangles, n = 10) or control treated mice (CTRL, black 

dots, n = 10) were quantified by ELISA. Data of three independent experiments 

are presented as means ± SD. 

Statistical significance was analyzed by one-way ANOVA followed by Tukey’s 

multiple comparison test; *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not sig

nificant.
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lower than those of CRS mice at the endpoint of blood sampling, 

the highly elevated CORT levels during or shortly after the stress 

procedure in the CRS mice is not accounted for. Arguably, these 

high peak concentrations over the limited time spans when mice 

are actively stressed by restraint and rapidly decline within mi

nutes to few hours, are the limiting factors for thymus atrophy.43

Furthermore, the release of catecholamines may contribute to 

the CORT sensitivity in CRS mice compared to TS mice in a 

direct or indirect manner via the induction of glucocorticoid re

ceptor upregulation.44,45 We therefore propose that stress trans

mission induces a low-grade, persistent stress state in recipient 

mice. The hypothesis of a mild physiological stress response as 

consequence of stress transmission is supported by the 

observed subtle changes in body weight and the impact on anx

iety-like behavior. Here, the effects were noted to be intermedi

ate when comparing to control mice on the one hand and mice 

Figure 5. Adaptive immune response is not affected by stress transmission 

(A) C57BL/6 mice (n = 8 per group [4 female, 4 male]) were subjected to chronic restraint stress (CRS, red squares), stress transmission (TS, blue triangles), or 

control treatment (CTRL, black dots) for 10 consecutive days. On day 5, mice were immunized subcutaneously with 5 mg PLGA MP Ova/Riboxxim. On day 21, 

bone marrow was harvested and the amount of Ova-specific IgG secreting cells was analyzed by FLUOROSPOT assay (A). Representative wells are shown per 

group. Pooled data of two independent experiments are presented as means ± SD. 

(B) Blood serum was analyzed for Ova-specific antibody titers by ELISA. Pooled data of two independent experiments are presented as geometric means ± 

geometric SD. 

(C) C57BL/6 mice (n = 10 per group [5 female, 5 male]) were subjected to chronic restraint stress (CRS, red squares), stress transmission (TS, blue triangles), or 

control treatment (CTRL, black dots) for 10 consecutive days. On day 5, mice were immunized subcutaneously with 5 mg PLGA MP Ova/Riboxxim. On day 11, 

splenocytes were harvested and Ova-specific CTL responses were analyzed by intracellular cytokine staining of CD8+ for IFNγ followed by flow cytometry. 

(D) Male C57BL/6 mice (n = 5 per group) were subjected to chronic restraint stress (CRS, red squares), stress transmission (TS, blue triangles), or 

control treatment (CTRL, black dots) for 10 consecutive days. On day 5, mice were double-route immunized subcutaneously with 4 mg and intranasally with 1 mg 

PLGA MP Ova/Riboxxim or empty PLGA MP (empty, gray diamonds). On day 11, mice were inoculated with 1 × 105 B16-Ova tumor cells intravenously. 21 days 

post-tumor cell administration, lungs were harvested and formed metastasis were counted. Pooled data of two independent experiments are presented as 

means ± SD. 

(E) Representative H&E-stained tissue slides of lungs. Scale bars represent 100 μm. 

Statistical significance was analyzed by one-way ANOVA followed by Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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that were subjected to chronic stress on the other. Recently, a 

study on stress contagion in humans yielded similar findings. 

Observers of participants undergoing the Trier social stress 

test (TSST) exhibited a secondary stress response, showing a 

mild yet significant elevation in saliva corticosterone levels and 

heart rate. These increases, while notable, did not achieve the 

levels observed in individuals directly exposed to TSST.27 Taken 

together, these findings suggest that stress transmission in

duces a mild yet sustained physiological stress response, char

acterized by distinct endocrine alterations and measurable 

behavioral changes. Notably, despite these effects, thymic 

development remained unaffected.

This raises the question of whether a low-grade stress state is 

sufficient to modulate immune function, particularly in consider

ation of the well-established sensitivity of the immune system to 

physiological stress. On the one hand, stress can be beneficial 

for an individual’s defense against pathogens, chronic exposure 

to stress, however, is often associated with immunopathology.46

Chronic inflammation and inflammatory disease progression, 

mediated by monocytes, were shown in stress exposed mice 

and humans. This is underpinned by a transition toward an in

flammatory gene expression profile and enhanced sensitivity to 

toll-like receptor activation.10 We could show that even mild 

physiological stress by the phenomenon of chronic stress trans

mission is sufficient to induce elevated cytokine secretion in 

response to TLR-4 stimulation by LPS. Remarkably, the effect 

was on a similar level as that observed in mice subjected to 

chronic restraint stress. This suggests that stress transmission 

could play a role in the development and progression of systemic 

inflammatory diseases, emphasizing its implications for public 

health. In contrast, no effect of stress transmission on the gener

ation of an antigen-specific immune response was observed. 

The PLGA-based vaccine platform employed in this study has 

been shown to induce robust and consistent T-helper I (Th-1) 

biased antigen specific immune responses, demonstrating 

effective immunotherapeutic potential as cancer vaccine.47

While chronic restraint stress led to a 50% decrease in OVA-an

tigen specific CTL responses generated by the vaccine, the 

response in TS mice remained unaffected. To investigate the ef

fect of stress and stress transmission on the effector function of 

the generated T cell response, we applied a challenge with B16 

cancer cells expressing OVA in a model for metastasis forma

tion. The efficacy of the responses in the immunotherapeutic 

mouse model for B16-OVA melanoma metastasis formation re

mained unaffected in mice experiencing stress transmission. 

Notably, the cancer vaccine displayed no therapeutic benefit in 

mice subjected to chronic restraint stress, confirming a study 

from our group outlining the impact of chronic stress on the effi

cacy of cancer vaccine-based immunotherapy.48 Interestingly, 

no impact on antigen-specific antibody responses to the vac

cine, both in mice subjected to stress transmission and those un

der active stress was found in our study. This outcome diverges 

with previous studies on chronic stress and vaccination effi

cacy.13,49 The adjuvant Riboxxim, employed in this study stimu

lates Th-1 biased immune responses. Previous findings suggest 

that under chronic stress conditions, immune responses are 

prone to shift toward Th-2 dominated responses, typically asso

ciated with enhanced antibody production and diminished 

cellular immunity.50 Further investigations on the immune 

response elicited under stressed conditions need to be conduct

ed in order to shed light onto the dynamics of chronic stress, 

stress transmission, and adaptive immunity.

A limitation of our study is the absence of long-term follow up 

beyond the active stress or stress transmission period. While our 

findings demonstrate robust physiological and behavioral 

changes during and immediately after the 10-day stress proced

ure, it remains to be determined whether these effects persist or 

normalize over time. This question is particularly relevant 

since chronic stress-related pathologies in humans can 

involve sustained dysregulation even after the stressor has 

been removed.51 Although our study was not designed to fully 

capture such long-term effects, future studies examining the 

duration and reversibility of stress transmission will help to clarify 

whether this paradigm induces lasting physiological or behav

ioral alterations.

In conclusion, we have established a paradigm for the investi

gation of transmission of stress in groups of mice, uncovering 

strong evidence of stress contagion across physiological, 

behavioral, and immunological dimensions. These results show 

potential health implications of stress transmission, drawing par

allels with observed outcomes in human studies.

Limitations of the study

While our findings demonstrate clear physiological and immune 

effects of stress transmission in mice, our study is limited by the 

lack of long-term follow up beyond the 10-day stress procedure. 

It remains unclear whether the observed effects persist or 

resolve over time. Additionally, while we identify sex-specific dif

ferences, further mechanistic studies are needed to clarify 

the underlying biological mechanisms. Finally, the study 

focuses on one specific model of stress transmission, and its 

generalizability to other social stress paradigms remains to be 

determined.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J mice were originally purchased from Charles River (Sulzfeld, Germany) and further bred in the accredited animal facility of 

the University of Konstanz. The animals were kept under specific pathogen-free conditions in air-conditioned rooms with controlled 

temperature of 22◦C and 55% relative humidity on a 12-h light/dark cycle with lights switched on at 7 a.m. The room was kept under 

constant ventilation (17 air changes/h). Animals had ad libitum access to standard, autoclaved laboratory animal diet and tap water. 

Male and female mice were used at 8–12 weeks of age, when their immune system is fully developed. For endpoint analysis, animals 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-mouse CD8a Antibody BioLegend Cat#100712; RRID:AB_2621550

Brilliant Violet 421TM anti-mouse IFN-γ Antibody BioLegend Cat#505830; RRID:AB_2563105

PE anti-mouse CD4 Antibody BioLegend Cat#100408; RRID:AB_312692

Goat anti-mouse IgG, ALP MabTech Cat#3310-4-1000

Biotin Goat anti-mouse IgG (minimal x-reactivity) Antibody BioLegend Cat#405303; RRID:AB_315006

BD PharmingenTM FITC Streptavidin BD Bioscience Cat#554060; RRID:AB_10053373

Chemicals, peptides, and recombinant proteins

Albumin from chicken egg white Merck Cat#A2512-1G

OVA (257–264) (H-2Kb) 

(SIINFEKL)

peptides&elephants Cat# EP01994_

Critical commercial assays

Corticosterone ELISA kit Enzo Life Sciences Cat#ADI-900-097

Mouse IL-6 ELISA Ready-SET-Go!TM Kit Invitrogen eBioscience Cat#12364003

Mouse TNF ELISA Ready-SET-Go!TM Kit Invitrogen eBioscience Cat#15591107

LEGENDplexTM Mouse Anti-Virus Response Panel (13-plex) BioLegend Cat#740621

Experimental models: Cell lines

B16-MO5 (Male C57BL/6 mouse) TU Munich, Germany RRID:CVCL_WM77

Experimental models: Organisms/strains

C57BL/6 mice Charles River

Software and algorithms

EthoVisionTM XT 15 Noldus

Prism 10 GraphPad

FlowJoTM v10.9 BD Bioscience

SPSS Statistics v29.01 IBM

Other

Resomer® RG 502 H, Poly(D,L-lactide-co-glycolide) Evonik Cat#B6013-1

RiboxximTM Riboxx Pharmaceuticals

Lipopolysaccharides from Escherichia coli O111:B4 Sigma Cat# L2630

Brefeldin A Merck Cat#B6542

BD Cytofix/CytopermTM Fixation/Permeabilization Kit BD Bioscience Cat#554722

pNPP for ALP MabTech Cat#3652-P10

FluoroSpot enhancer MabTech Cat#3641-F10

Immunospot S6 Ultra M2 C.T.L.
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were euthanized by CO2 hypoxia. Euthanasia of mice was performed during the light phase (2–3 h after lights turned on). Behavioral 

tests were performed during the dark phase of the light/dark cycle (2–4 h after lights turned off). This study examined male and female 

mice; sex-specific differences are reported.

Randomization and blinding

Mice were housed in groups of four mice per cage, cages were randomly assigned into groups. Behavioral testing and analysis of 

tissue from mice was done in a blinded manner.

Ethics statement

Animal experiments have been conducted in compliance with ethical standards of German and EU guidelines after approval by the 

animal experimentation ethics committee of the Review Board of the Governmental Presidium Freiburg, Germany with the approval 

numbers G-20/113, G-22/075, and G-24/046.

Cell lines

The OVA expressing murine melanoma cell line (MO5, male C57BL/6 mouse) was kindly provided by Dr. Antje Heit (TU Munich, Ger

many). Cells were cultured in DMEM supplemented with 10% (v/v) FCS, 100 IU/mL Penicillin, and 100 μg/mL Streptomycin. All cells 

were cultured at 37◦C with 5% CO2 in a humidified atmosphere. For detaching, cells were incubated with 0.05% trypsin-EDTA for 

5 min at 37◦C. The cell line was not further authenticated beyond source verification but was morphologically consistent with pub

lished descriptions. Cells were not tested for mycoplasma contamination.

METHOD DETAILS

Restraint stress/stress transmission procedure

Male and female C57BL/6 mice were randomized into the following groups: control (CTRL), acute restraint stress (ARS), chronic re

straint stress (CRS) and stress transmission (TS). Mice were housed in groups of four mice per cage (four CTRL or two ARS with two 

ATS or two CRS with two CTS). During the stress procedure, restraint stress groups were separated spatially and visually from the 

stress transmission groups by introducing an opaque acrylic glass wall into the housing cage. CTRL mice were divided into pairs 

by introducing an opaque acrylic glass wall into the housing cage during the stress procedure. Stress induction was achieved by 

horizontally immobilizing ARS or CRS mice for 4 h in ventilated restraint tubes during the light cycle. ARS mice underwent the pro

cedure once, while CRS mice were subjected to daily restraint for 10 consecutive days. CTRL and stress transmission mice were left 

untreated during the stress procedure. Stress procedures were always conducted during the light phase of the light/dark cycle (2–3 h 

after lights turned on).

Open field test (OFT)

To assess anxiety-like and exploratory behavior in mice, an OFT was conducted on day 8 of the restraint stress/stress transmission 

procedure. The open field apparatus measures 55 × 55 × 55 cm and is divided into a center area (20 × 20 cm) and a peripheral outer 

area. A camera was placed 1.5 m above the apparatus for real-time analysis and recordings. Each mouse was introduced individually 

into the apparatus and their trajectories were recorded and analyzed using EthoVision XT 15 software (Noldus). The experiments 

were conducted in a quiet environment with male and female animals. During the measurements, at least 2 m distance was kept be

tween the apparatus and the experimenter. To eliminate odors between trials, the apparatus was cleaned with 80% EtOH after each 

trial.

Novel object recognition test (nORT)

To test for recognition memory in mice, a nORT was conducted on day 9 of the restraint stress/stress transmission procedure. The 

experiment is performed in an open field apparatus of 55 × 55 × 55 cm with a camera installed 1.5 m above the apparatus for data 

collection. On the first day of the experiment, mice are introduced individually for a 5 min habituation phase into the open field appa

ratus. On day 2, two identical objects were introduced into the apparatus and each animal underwent a 5-min training phase to famil

iarize themselves with the objects. During a subsequent 5-min standby phase, the animals were transferred into a solitary housing 

cage and one object was replaced with a novel object of a different shape. In the following testing phase, the mice were reintroduced 

into the apparatus and exploration and trajectories were recorded and analyzed using EthoVision XT 15 software (Noldus). The ex

periments were conducted in a quiet environment with male and female animals. During the measurements, at least 2 m distance was 

kept between the apparatus and the experimenter. To eliminate odors between trials, the apparatus was cleaned with 80% EtOH 

after each trial.

Light dark box (LDB)

Light dark box tests were performed to assess anxiety-like and exploratory behavior in mice on day 10 of the restraint stress/stress 

transmission procedure. The LDB apparatus is comparted into a 40 × 20 cm light box and a 20 × 20 cm dark box. The light box was 

illuminated from the top (∼900 lux), whereas the dark box is covered with a lid. An infrared lamp illuminated the bottom to facilitate 
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camera tracking through the lid of the dark box. Both compartments were connected via an entrance gate into the dark box. A camera 

was placed 1.5 m above the apparatus for real-time analysis and recordings. Each mouse was introduced individually into the appa

ratus and their trajectories were recorded and analyzed using EthoVision XT 15 software (Noldus). The experiments were conducted 

in a quiet environment with male and female animals. During the measurements, at least 2 m distance was kept between the appa

ratus and the experimenter. To eliminate odors between trials, the apparatus was cleaned with 80% EtOH after each trial.

Preparation of PLGA microparticle vaccines

Poly(lactic-co-glycolic acid) microparticles were prepared by spray-drying as previously described.47 Briefly, 50 mg OVA and 0.5 mg 

Riboxxim were dissolved in 1 mL of 0.1 M NaHCO3 (aqueous phase) and 1 g PLGA was dissolved in 20 mL dichloromethane (organic 

phase). A water-in-oil emulsion was prepared with a digital microtip sonicator and immediately spray-dried using the Mini Spray- 

Dryer 290 (Büchi Labortechnik AG) with inlet/outlet temperatures of 24◦C/22◦C at a flow rate of 1 mL/min. Spray-dried MP were 

treated with 0.05% Poloxamer 188 (#P5556, Merck) and dried under vacuum at room temperature. MP were stored at 4◦C under 

desiccation.

In vivo applications

For vaccination studies, female mice were immunized subcutaneously at the base of the tail with 5 mg Poly(lactic-co-glycolic acid) 

(PLGA) microparticles (MP) OVA/Riboxxim in PBS. For cancer immunotherapy vaccinations, PLGA MP application involved simul

taneous subcutaneous and intranasal double route-immunization. Mice were anesthetized with isoflurane, and a subcutaneous in

jection of 4 mg PLGA MP OVA/Riboxxim along with an intranasal instillation of 1 mg PLGA MP OVA/Riboxxim in PBS was adminis

tered. On day 6 post PLGA MP application, mice were challenged intravenously with 1x105 B16-OVA melanoma cells in PBS via the 

tail vein.

Flow cytometry of thymic populations

Mouse thymuses were isolated, and a single cell suspension was prepared by mechanical disruption. Thymocytes were depleted of 

erythrocytes and a surface staining was performed using PE-coupled anti-CD4 (clone GK1.5, #100407, BioLegend) and APC coupled 

anti-CD8α (clone 53-6.7, #17-0081-82 eBioscience) antibodies. Cells were subsequently fixed in 4% paraformaldehyde and 

analyzed with BD FACSLyric (BD Bioscience) or CytoFLEX (Beckman Coulter) instruments. Data were analyzed using FlowJo 

v10.9 software (BD Bioscience).

Intracellular cytokine staining (ICS) for IFNγ
Intracellular detection of antigen-specific IFNγ production of cytotoxic T lymphocytes was performed by ICS as previously 

described.52 Shortly, freshly isolated splenocytes were incubated with or without 10− 6 M SIINFEKL peptide for 5 h in the presence 

of 10 μg Brefeldin A (#B6542, Merck). Cells were subsequently stained with APC coupled anti-CD8α (clone 53-6.7, #17-0081-82, 

eBioscience) for 30 min at 4◦C. Cells were fixed and permeabilized using a Cytofix/Cytoperm Kit (#554722, BD Bioscience) according 

to the manufacturer’s protocol. Intracellular staining was performed with BV421 coupled anti-IFNγ (clone XGM1.2, #505829, 

BioLegend) overnight. CD8+IFNγ+ cells were analyzed by flow cytometry using a BD FACSLyric instrument. Data were analyzed using 

FlowJo v10.9 software (BD Bioscience). Gates were set using FMO-controls and unstimulated samples were used as a negative con

trol, intra-assay CV was 0.08%.

Enzyme-linked immunosorbent assay (ELISA)

Antibody titers: OVA specific serum antibody titers were determined by ELISA. High-binding microplates (Greiner) were coated with 

100 μg/mL OVA protein (Merck) in PBS overnight. Serial dilutions of mouse sera were prepared and loaded on the precoated plates at 

room temperature for 2 h. For detection, goat anti-mouse IgG, alkaline phosphatase (ALP) antibodies (MabTech) were used accord

ing to the manufacturer’s instructions followed by colorimetric conversion of pNPP substrate (MabTech) for 1 h at room temperature. 

OD405nm was determined using an infinite M200PRO plate reader (TECAN). Endpoint titers were defined as highest sample dilution 

exceeding the signal of the mean of the MP Empty control group + 3x standard deviation (SD). Antibody ELISA was performed 

without technical replicates.

CORT levels: Plasma corticosterone (CORT) levels were determined by competitive ELISA using a corticosterone ELISA kit (ADI- 

901-097, EnzoLifesciences) according to the manufacturer’s instructions. Briefly, mouse plasma samples were diluted with Steroid 

Displacement Reagent to enable measurement of total CORT. Samples were loaded together with ALP conjugated CORT and sheep 

anti-CORT antibody onto precoated plates and incubated at room temperature for 2 h followed by colorimetric conversion of pNPP 

substrate for 1 h at room temperature. OD405nm was determined using an infinite M200PRO plate reader (TECAN). Intra-assay coef

ficient of variability (CV) was calculated at 8.4%.

Cytokine levels: quantification of in vitro released IL-6 (intra-assay CV = 7.6%) and TNF (intra-assay CV = 8.2%) was performed by 

ELISA according to the manufacturer’s instructions (ELISA Ready-SET-Go!, Invitrogen eBioscience). Briefly, freshly isolated spleno

cytes were depleted of erythrocytes and 1x106 cells per well were stimulated in 96 well plates with 1 μg/mL LPS (E. coli O111:B4, 

Sigma) overnight. Supernatants were collected and loaded on precoated plates. Bound cytokines were then detected by the addition 

of biotin-conjugated detection antibodies, followed by incubation with a streptavidin-horseradish peroxidase (HRP) conjugate. TMB 
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substrate was added for colorimetric conversion and stopped after 10 min by adding 1 M H2SO4. OD450nm was determined using an 

infinite M200PRO plate reader (TECAN).

FLUOROSPOT assay

IgG production by OVA specific plasma cells was analyzed using FLUOROSPOT. Freshly isolated bone marrow derived cells were 

depleted of erythrocytes and 2x105 cells per well were incubated in pre coated MultiScreenHTS PVDF Filter Plates (Merck Millipore) 

in triplicates at 37◦C in a humidified CO2 atmosphere for 16 h. Following the incubation with a biotinylated secondary antibody spe

cific for IgG (Biolegend), a streptavidin–FITC conjugate was added (BD bioscience). Following a 1 h incubation at RT, a 15-min incu

bation step with FluoroSpot enhancer (MabTech) was performed. Plates were dried overnight, and automated spot analysis and 

quantification of the plates were performed using the ImmunoSpot S6ULTRA analyzer and ImmunoSpot software version 7.0.33.1 

(C.T.L. Europe).

Multiplex cytokine screening

For the screening of cytokines released in vitro, multiplex screening (LEGENDplex, BioLegend) was performed according to the man

ufacturer’s instructions. In brief, freshly isolated splenocytes were depleted of erythrocytes and 1x106 cells per well were stimulated 

in 96 well plates with 1 μg/mL LPS (E. coli O111:B4, Sigma) overnight. Supernatants were collected and incubated with a capture 

antibody-bead cocktail for the corresponding cytokines for 2 h at room temperature. Subsequently, after 1 h incubation with 

biotin-labeled detection antibodies, an incubation step with streptavidin-PE for 30 min at room temperature was performed. Cyto

kine-levels were analyzed by flow cytometry using a BD FACSLyric instrument, no technical replicates were assessed. Data were 

analyzed using FlowJo v10.9 software (BD Bioscience).

H&E staining

Lungs were excised and immediately fixed in 10% neutral-buffered formalin for 24 hours followed by paraffin-embedding and 

sectioning to 5-μm-thick slices. H&E staining was performed according to standard protocols as previously described.53 Results 

of three random fields per section were recorded with AxioObserver or AxioImager microscopes and ZEN 3.2 (blue edition) imaging 

software (Carl Zeiss Imaging Inc.) and analyzed in a blinded manner.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 10 (GraphPad Software) and SPSS Statistics v29.01 (IBM). Statistical 

tests used included unpaired Student’s t test for comparisons between two groups, and one-way or two-way ANOVA followed by 

Tukey’s or Sidak’s post-hoc tests for comparisons among multiple groups. The specific test used for each comparison is indicated 

in the figure legends.

Data are presented as means ± standard deviation (SD) unless otherwise noted. The definition of n is provided in the figure legends 

and represents the number of biologically independent animals per group or pooled technical replicates from independent experi

ments. The center of each data distribution is defined as the mean, and dispersion/precision is indicated by SD. All statistical details 

can be found in the results section, figure legends, and figures.
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