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Abstract

Social isolation (ISO) is associated with an increased risk and poor outcomes of ischemic stroke. However, the roles and
mechanisms of ISO in stroke-associated pneumonia (SAP) remain unclear. Adult male mice were single- or pair-housed
with an ovariectomized female mouse and then subjected to transient middle cerebral artery occlusion. Isolated mice
were treated with the natriuretic peptide receptor A antagonist A71915 or anti-gamma-delta (y0) TCR monoclonal
antibody, whereas pair-housed mice were treated with recombinant human atrial natriuretic peptide (rhANP).
Subdiaphragmatic vagotomy (SDV) was performed |4 days before single- or pair-housed conditions. We found that
ISO significantly worsened brain and lung injuries relative to pair housing, which was partially mediated by elevated
interleukin (IL)-17A levels and the migration of small intestine-derived inflammatory 76 T-cells into the brain and lung.
However, rhANP treatment or SDV could ameliorate ISO-exacerbated post-stroke brain and lung damage by reducing
IL-17A levels and inhibiting the migration of inflammatory yd T-cells into the brain and lung. Our results suggest that
rhANP mitigated ISO-induced exacerbation of SAP and ischemic cerebral injury by inhibiting small intestine-derived ¢
T-cell migration into the lung and brain, which could be mediated by the subdiaphragmatic vagus nerve.
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Introduction

*These authors contributed equally to this work.

Globally, stroke is one of the leading causes of mortality
and sustained disability, and it contributes to 10% of
global deaths." The major determinants of poor clinical
outcome after stroke are a spectrum of medical
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complications, among which stroke-associated pneumo-
nia (SAP) is the most frequent and severe complication.
SAP occurs most often within the first 7days of stroke
onset’ and is reported to be associated with a 49%
increase in 1-year mortality.> Accumulating clinical and
experimental studies have recognized aberrant immune
responses as a critical contributor to the development of
SAP.* Despite sustained efforts to investigate preventive
therapies for SAP, prophylactic antibiotics have failed to
reduce the incidence of SAP.%” Therefore, providing a
clear understanding of the underlying mechanisms of
SAP is critical for improving the efficacy of clinical treat-
ments for patients at high risk of SAP.

Social isolation (ISO), characterized by reduced social
contact and connections, has increasingly been recog-
nized as a public health priority.® Emerging evidence
has indicated a compelling association between ISO
and an increased risk of stroke.”'® Social deprivation
contributes to accelerated disease progression and
impaired recovery from stroke,'''* which has been reca-
pitulated by experimental models.'*'® In contrast, social
support potentially decreases the detrimental impacts of
maladaptive psychological responses to stress and has
been linked epidemiologically with improved functional
recovery from stroke.'>'” However, it remains elusive
whether different housing conditions play a role in SAP.

Accumulating evidence has demonstrated that atrial
natriuretic peptide (ANP), a cardiovascular hormone
produced by the heart atria,'® exerts protective effects
in various diseases.'” >* Plasma ANP levels are lower in
depressive patients than in healthy individuals.?>-*
Furthermore, due to its ability to regulate fluid and
electrolyte balance in order to reduce brain edema,
ANP has been investigated in animal experiments for
its neuroprotective role in brain injury. Exogenous
administration of recombinant human ANP (rhANP)
markedly reduced infarct volume and improved neuro-
functional status in a preclinical study of stroke.?’
Clinical studies have also shown that ANP may exert
beneficial effects in stroke,®® partially by regulating
cerebral flow.”” Additionally, ANP has pleiotropic
effects that drive the immune response, with powerful
modulatory effects on many aspects of cellular and
humoral immunity, including suppressing the synthesis
and release of proinflammatory mediators,'®*° enhanc-
ing the natural cytotoxicity of natural killer cells, and
increasing macrophage phagocytosis.'"” ANP functions
by binding to natriuretic peptide receptor A,>* which is
highly expressed in intestinal epithelial cells.*’ We pre-
viously reported that ANP is involved in post-stroke
ISO-mediated depression;** however, the role of ANP
in the impact of ISO on ischemic cerebral injury and
SAP remains unclear.

The intestinal tract is the largest and most sophisti-
cated immune organ of the entire body,>” and the

extensive repertoire of intestinal immune cells and
highly innervated nature of the gut mucosa make it a
critical organ that affects the immune homeostasis of
distant organs, such as the brain,?"*-** lung* " and
liver.*® Evidence has shown that 50% of stroke survi-
vors experience gastrointestinal complications,* which
in turn exacerbate stroke outcomes through dysregula-
tion of the gut microbiota and aberrant inflammatory
responses.””*®  Furthermore, the innate immune
response plays a pivotal role in the development of
stroke-induced pulmonary infections.*! Gama-delta
(y9) T cells are a subset of innate lymphocytes located
mainly in the lamina propria of the small intestinal
mucosa that act in a major histocompatibility
complex-unrestricted manner. Although 76 T cells
only account for a small part of the total T-cell pool,
they are crucial in maintaining epithelial tissue integri-
ty, repair, and host homeostasis, and in inhibiting path-
ogen infections.*” However, there is evidence that
abnormally activated yo T cells function in the patho-
genesis of inflammatory diseases.*’ In the proinflam-
matory environment caused by the destruction of the
intestinal epithelial barrier and bacterial invasion,
intestinal y0 T cells are transformed into an inflamma-
tory phenotype that produces interleukin (IL)-17A and
mediates inflammatory processes.** Mounting evidence
has demonstrated that the blood—brain barrier is dam-
aged in stroke progression, thus allowing the infiltra-
tion of activated CD4" and CD8" T cells, which are
found to exacerbate neuroinflammation and restrain
the recovery to ischemic stroke by secreting inflamma-
tory cytokines.*>#’ Studies have shown that activated
intestine-derived yd T cells can also potentiate the pro-
gression of cerebral ischemic injury by migrating to the
brain and influencing the local neuroinflammatory
response through the secretion of IL-17A and IL-
23.%%4 However, the exact role of small intestinal 73
T cells in cerebral ischemic injury and SAP and the
mechanisms behind migration have not yet been
clarified.

We previously reported a critical role of the sub-
diaphragmatic vagus nerve-mediated gut-brain axis in
LPS-triggered endotoxemia and sepsis-induced cogni-
tive disorder.?"** In this study, we investigated whether
rhANP could attenuate ISO-induced exacerbation of
SAP and ischemic cerebral injury by inhibiting sub-
diaphragmatic vagus nerve-mediated migration of
small intestine-derived yd T cells into the lung and brain.

Materials and methods

Animals

Wild-type (WT) CS57BL/6J mice (male, 23.0-25.0g,
8-10 weeks) were purchased from Vital River
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Laboratory Animal Technology Co Ltd., Beijing,
China. Kaede-transgenic (Kaede-Tg) mice (B6.Cg-Gt
(ROSA)26Sor<tml1.1(CAG-kikGR)K gwa>) were
kindly provided by M. Tomura (Tokyo University).
All animals were housed and maintained on a 12:12
light/dark schedule in ambient temperature and
humidity-controlled specific pathogen-free conditions
with free access to food and water. All experiments
were approved by the committee of experimental ani-
mals of Tongji Medical College (Permission number:
S2402) and complied with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals. All experiments were reported in compliance
with the ARRIVE guidelines (Animal Research:
Reporting in Vivo Experiments).

Transient Middle cerebral artery occlusion (MCAO)
procedure

Mice were subjected to MCAO, followed by reperfu-
sion 1 hour later, as described in our previous
studies.**>?

Photoconversion and cell migration analysis

Kaede-Tg mice were used to monitor cellular migra-
tion. Kaede-Tg mice ubiquitously express the photo-
convertible Kaede-Green fluorescent protein, which
can switch into Kaede-Red upon photoactivation
with near-UV light (350-410nm). We employed the
migration index to reflect the degree of migration of
y0 T cells to other sites, which was calculated as Kaede
Red' CD3" y6 TCR*/Kaede Green™ CD3" y TCR™.
Detailed information is provided in the supplemental
material.

Experimental design and treatment

The experiment was performed in three parts. Detailed
information is provided in the supplemental material.

Behaviour tests

Neurological deficit scores, open field test and cylinder
test were assessed at 1day and 3days after MCAO.
Detailed information is provided in the supplemental
material.

Enzyme-linked immunosorbent assay (ELISA)

Detailed information is provided in the supplemental
material.

Lung wet/dry (WID) weight ratio

Lung edema was evaluated according to the wet/dry
weight ratio of lung tissues. Detailed information is
provided in the supplemental material.

2,3,5-Triphenyl-tetrazolium chloride (TTC) staining

Following MCAO, the infarct volume was evaluated
by TTC staining. Detailed information is provided in
the supplemental material.

Myeloperoxidase (MPO) activity determination

Detailed information is provided in the supplemental
material.

Evans blue dye permeability assay

Detailed information is provided in the supplemental
material.

Total subdiaphragmatic vagotomy (SDV)

Bilateral SDV or sham operation was performed
14 days prior to being randomly assigned to either
single- or pair-housed conditions according to our pre-
vious studies. !>

Hematoxylin-eosin (HE) staining

Detailed information is provided in the supplemental
material.

Bacterial counting

Detailed information is provided in the supplemental
material.

Flow cytometric analysis

Detailed information is provided in the supplemental
material.

16S rRNA analysis

Detailed information is provided in the supplemental
material.

Western blotting

Detailed information is provided in the supplemental
material.

Statistical analysis

Data are expressed as the mean + standard deviation
(SD). The normality of the datasets was established
by the Kolmogorov—Smirnov test and the Shapiro—
Wilk test. All datasets passed the normality test.
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Multiple comparisons were performed by one-way
ANOVA followed by post hoc Newman—Keuls multiple
comparison tests. The comparisons of two values were
evaluated by unpaired Student’s t test. Correlation was
analyzed by Pearson correlation. P < 0.05 was consid-
ered statistically significant. Statistical analysis was
performed using GraphPad Prism 8 software
(GraphPad Software Inc., San Diego, CA, USA).

Results

Effects of rhANP on ischemic brain injuries and
associated pulmonary infections in isolated mice

To examine whether pre-stroke housing manipulation
influenced stroke outcomes, all mice were initially iso-
lated or pair housed for two weeks prior to MCAO
(Figure 1(a)). Significantly larger infarct volumes
were observed in ISO mice at 24 and 72 hours postre-
perfusion than in PH stroke mice (Figure 1(b) to (d)).
To assess whether the neuroprotective role of PH was
due to the increased level of ANP, we measured the
serum levels of ANP in sham-operated and MCAO
mice under different living conditions and found that
stroke significantly reduced the serum ANP levels 24
and 72 hours post-reperfusion (Figure 1(¢)). Moreover,
PH significantly elevated circulating ANP concentra-
tions in both sham-operated mice and MCAO mice
24 and 72 hours post-stroke (Figure 1(e)). We then
investigated the effect of rhANP treatment on cerebral
ischemic injury in stroke mice. We tried three levels of
dose escalation of rhANP and found that the optimal
dose of rhANP (1.0pg/g) noticeably improved the
brain infarct volume of isolated-housed mice 72 hours
post-reperfusion, although this improvement did not
reach statistical significance 24 hours post-reperfusion
(Figure 1(b) to (d)). We chose to use the highest dose of
rhANP in our subsequent experiments because this
dose was associated with a significantly greater efficacy
in improving cerebral ischemic injury. To validate the
beneficial effect of rhANP, we used the ANP receptor
antagonist A71915 in PH mice, and ANP markedly
abrogated the improved effect of PH on infarct vol-
umes (Figure 1(b) to (d)). The detrimental effect of
ISO on ischemic brain injury was also reflected in
higher neurological deficit scores in comparison with
the PH group, and the functional outcomes of ISO
stroke mice improved when treated with rhANP
(Figure 1(f)). Measurements of regional cerebral
blood flow (rCBF) by laser Doppler flowmetry estab-
lished that there were no overt differences in rCBF
among the three groups; thus, differences in stroke out-
comes due to surgical factors were excluded
(Supplemental Figure 1(a)). We further employed the
open field test and the cylinder test to assess behavioral

changes post-stroke, and the results revealed signifi-
cantly higher locomotor activities in PH mice and ISO
mice injected with rhANP than in ISO mice 24 hours
and 72 hours post-stroke (Figure 1(g) and (h)). In addi-
tion, there was significantly elevated MPO activity in
ISO mice compared to PH mice 24 and 72 hours after
MCAO, suggesting more severe inflammation in ISO
stroke mice. Furthermore, rhANP treatment signifi-
cantly reduced MPO activity in ISO stroke mice
(Figure 1(i)). In addition, we detected spontaneous pneu-
monia in mice following MCAO. Of note, compared
to PH mice, ISO mice exhibited worse outcomes in
regard to bacterial load, MPO activity, lung wet/dry
weight ratio and histological lung injury; all of which
were attenuated by rhANP treatment (Figure 2(a) to (d)).

Furthermore, we found that the brain infarct
volume was significantly positively correlated with pul-
monary CFUs (r=0.558, P<0.001; Figure 2(e)) and
MPO activity (r=0.423, P=0.002; Figure 2(f)) in all
subjects from the six groups. Moreover, we also found
a positive correlation between cerebral MPO activity
and pulmonary MPO activity (r=0.433, P=0.002;
Figure 2(h)), indicating that brain injury severity after
acute ischemic stroke is directly related to the severity
of SAP. In addition, pulmonary MPO activity was pos-
itively correlated with bacterial load in the lung
(r=0.442, P=0.001; Figure 2(i)), suggesting that bac-
terial infection in the lung caused a strong inflamma-
tory response. Overall, our results indicate that housing
conditions prior to stroke are a strong determinant of
short-term outcomes in post-stroke mice complicated
with pneumonia and ANP serves as a key component
in this process; furthermore, pair housing has a protec-
tive effect and isolated housing has a detrimental effect
on both the brain and lungs.

Alteration of gut microbiota and o T cells in rhANP-
mediated stroke that was aggravated by 1SO

Next, we sought to elucidate the mechanisms of the
varied effects of by housing conditions on SAP.
Given the increased gut permeability that we observed
in ISO stroke mice, we hypothesized that ISO may
exacerbate SAP by disrupting the gut microbiota.
However, our data indicated no significant differences
in gut microbiota composition and relative abundance
among mice subjected to isolated housing, paired hous-
ing and normal rearing (Supplemental Figure 2). Apart
from this, rhANP and its antagonist A71915 did not
cause any significant effects on gut microbiota
(Supplemental Figure 2). Therefore, the 16S rRNA
sequencing analysis negated our first conjecture that
gut dysbiosis mediated the deleterious effects of ISO
on SAP.
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Figure I.

Pre-stroke ISO aggravated ischemic brain damage, which could be reversed by rhANP. (a) Treatment schedule. Mice were

single- or pair-housed for 14 days before MCAO or sham operation. Recombinant human ANP (rhANP; 0.1 mg/kg, 0.5 mg/kg, 1.0 ng/
kg) or 0.9% saline was intravenously injected into mice on Day | after MCAQO. Natriuretic peptide receptor A selective antagonist
A71915 (0.5 mg/g) or 0.9% saline was intraperitoneally injected into mice on Day 0 (right after MCAO surgery), Day | and Day 2 post-
MCAO for mice tested on Day 3 after MCAQ. Serum, brain and lung tissues were collected on Day | or Day 3 post-MCAOQ for
analysis. Behavioral tests were conducted on Day | or Day 3 post-MCAQO. (b, c) Diagram indicating the infarct area and peri-infarct
area. (d) Infarct volumes were calculated as the percentage of infarct volume to whole brain. (€) Serum concentration of ANP. (f)
Neurological deficit score. (g) Total beam breaks in the open field test represent spontaneous locomotor activity. (h) The use of the
contralateral paw in the cylinder test was determined by the percentage of left/total and (i) Cerebral MPO activity. Data are presented
as individual values plus means £ SDs (n =7-1 |/group). Comparisons were determined by one-way ANOVA followed by post hoc
Newman—Keuls multiple comparison tests. N.S., not significant, *P < 0.05, **P < 0.01, **P < 0.001. ISO, isolated housing; MCAO,
middle cerebral artery occlusion; PH, pair housing; rhANP, recombinant human atrial natriuretic peptide.

Previous studies have demonstrated the causal
involvement of peripheral immune cells in ischemic
brain injury and associated pneumonia.* Moreover,
emerging evidence suggests that gut inflammatory
responses play a key role in the pathophysiology of
stroke.*®* Therefore, we identified y0 T cells, a critical
lymphocyte population located at epithelial surfaces*
mainly in the lamina propria of small intestine (SI-LP),
and investigated them as a potential immunomodulator
in the pathogenesis of ischemic stroke. We found a
marked increase in the amount of 70 T cells in the

brain and lung of ISO mice compared to that of PH
mice post stroke; however, rThANP administration
completely reversed the increase in y0 T cells induced
by ISO treatment (Figure 3(a) to (d)). Furthermore,
similar changes were also observed in the blood
(Figure 3(e) and (f)), although they did not reach sta-
tistical significance 24 hours post-reperfusion between
mice subjected to ISO and PH. These results suggest
that activation of yd T cells may aggravate ischemic
cerebral injury and associated pneumonia through
migration to the injury sites. Considering that 70
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Figure 2. Pre-stroke ISO aggravated stroke-associated pneumonia, which could be reversed by rhANP. (a) Bacterial loads in the
lungs of post-stroke mice. (b) Pulmonary MPO activity. (c) Pulmonary edema assessed by measuring the wet lung weight normalized
per body weight and wet/dry lung ratio. (d) Representative H&E sections of lung and histological injury scores. Scale bar =100 um. (e)
Positive correlation (r=0.558, P < 0.001) between brain infarct volume and the number of pulmonary CFUs. (f) Positive correlation
(r=0.423, P=0.002) between brain infarct volume and pulmonary MPO activity. (g) Positive correlation (r =0.27, P=0.06|) between
brain infarct volume and the number of pulmonary CFUs. (h) Positive correlation (r=0.433, P=0.002) between cerebral MPO
activity and pulmonary MPO activity and (i) Positive correlation (r=0.558, P < 0.001) between the number of pulmonary CFUs and
pulmonary MPO activity. Data are presented as individual values plus means + SDs (n = 6—9/group). Comparisons were determined
by one-way ANOVA followed by post hoc Newman—Keuls multiple comparison tests. Correlations were analyzed by Pearson
correlation. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001. CFU, colony-forming units; ISO, isolated housing; MCAO, middle
cerebral artery occlusion; MPO, myeloperoxidase; PH, pair housing; rhANP, recombinant human atrial natriuretic peptide.

T cells are major lymphocytes in the lamina propria
and intraepithelial compartments of the small intestine,
we speculated that inflammatory y6 T cells traffic into
the injured brain and lung from the small intestine. We
next assessed the vascular permeability of the brain,
lung, jejunum and ileum. ISO mice showed striking
brain and lung barrier defects relative to PH mice 24
and 72 hours after MCAOQO, and these defects were
critically ameliorated by administering rhANP

(Figure 3(g) and (h)). Notably, coinciding with cerebral
and lung barrier defects, ISO mice also exhibited ele-
vated vascular permeability of the jejunum 24 and 72
hours following MCAO, as well as the ileum 72 hours
following MCAO (Figure 3(i) and (j)). These data
make it plausible that y0 T cells migrate from the intes-
tine to the injured brain and inflamed lung during the
first 3 days after MCAO, which may contribute to the
progression of SAP.
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Figure 3. The impact of ISO and PH on the yJ T-cell levels and the vascular permeability of peripheral organs. (a, c, e) Representative
flow cytometric profiles of 75 T cells (CD3" y56 TCR™) in the brain, lung and blood of post-stroke WT mice. (b, d, f) Flow cytometry
analysis of 0 T cells in the brain, lung and blood of post-stroke mice subjected to ISO or PH 24 and 72 hours after MCAO and (g—j)
Determination of Evans blue extravasation in the brain, lung, jejunum and ileum in post-stroke mice. Data are presented as individual
values plus means 4 SDs (n = 6—8/group). Comparisons were determined by one-way ANOVA followed by post hoc Newman—Keuls
multiple comparison tests. N.S., not significant, *P < 0.05, **P < 0.01. ISO, isolated housing; MCAO, middle cerebral artery occlusion;
PH, pair housing; rhANP, recombinant human atrial natriuretic peptide.

Inhibitory effects of rhANP on small intestine-derived
v6 T-cell migration into peripheral organs after
stroke

To test whether the inflammatory yd T-cell infiltration
in the brain and lung during ischemic stroke is due to
direct migration of these cells from the small intestine
to the injured sites, we employed Kaede-Tg mice to
directly monitor cellular movements in vivo. All cell
types of Kaede-Tg mice express the photoconvertible
Kaede-Green fluorescent protein. Irradiating the small
intestine with ultraviolet light can cause green
fluorescence-expressing cells at the irradiated site to
express red fluorescence. By examining Kaede red fluo-
rescent protein-expressing y0 T cells in other organs, we
determined the proportion of yo T cells migrating from

the small intestine. Gating strategies of migratory o
T cells of major organs, including that of the SI-LP,
blood, brain and lung, are shown in Supplemental
Figure 3, and the fluorescence conversion 24 hours
post stroke can be found in Supplemental Figure 4.
The migration index, which was calculated as Kaede
Red” CD3" y6 TCR"/Kaede Green™ CD3", was used
to reflect the degree of migration of 90 T cells to other
sites. We found that ISO significantly enhanced the
migration of pd T cells from SI-LP compared to PH,
while rhANP drastically reversed the migration-
promoting effect induced by ISO (Figure 4(a) and (b)).
As expected, yé T cells of ISO mice demonstrated an
increased ability to infiltrate into the brain and lung
compared to that of PH mice; this increase was attenu-
ated by rhANP treatment (Figure 4(e) to (h)).
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Newman—Keuls multiple comparison tests. *P < 0.05, **P < 0.01. ISO, isolated housing; MCAO, middle cerebral artery occlusion; PH,

pair housing; rhANP, recombinant human atrial natriuretic peptide;

Correspondingly, we also observed an analogous migra-
tory pattern in the peripheral blood (Figure 4(c) and
(d)). Interestingly, y0 T cells in ISO mice also exhibited
an enhanced capacity to migrate to the liver and kidney

SI-LP, lamina propria of small intestine.

72 hours after MCAO (Supplemental Figure 5(b) and
(¢)). Moreover, rhANP treatment significantly
decreased 6 T-cell migration into the liver at both 24
and 72 hours post MCAO (Supplemental Figure 5(b))
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on Day | or Day 3 post-MCAOQO. (b) Representative flow cytometric plots display the percentages of 70 T cells in the spleen, blood,
lung and SI-LP. (b) The percentage of 76 T cells to total CD3™ T cells in the spleen, blood, lung and SI-LP. (d) Representative flow
cytometric plots of photoconverted Kaede red yJ T cells in the SI-LP, brain and lung in post-stroke mice are shown and (e) Graph
displaying the absolute numbers of Kaede red 70 T cells in the SI-LP, brain and lung. Data are presented as individual values plus
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ISO, isolated housing; MCAO, middle cerebral artery occlusion; PH, pair housing; rhANP, recombinant human atrial natriuretic

peptide; SI-LP, lamina propria of small intestine.

and into the spleen and kidney 72 hours post MCAO
(Supplemental Figure 5(a) and (c)). The migration index
of 0 T cells in the heart did not differ among all the
groups (Supplemental Figure 5(d)).

Protective effects of yd T-cell depletion in SAP

We then explored whether y6 T cells played an impor-
tant role in ischemic stroke. To this end, we treated ISO
mice with y0 TCR mAb before MCAO (Figure 5(a)).
To determine the in vivo depleting effects of y0 TCR
mADb, we analyzed the yé T-cell levels in the spleen,
blood, mesenteric lymph nodes, lung and SI-LP in
ISO mice by flow cytometry at the end of the 14-day
isolation period. In the SI-LP, we observed a signifi-
cant reduction in pd T cells in ISO mice subjected to yd

TCR mAb injection (Figure 5(b) and (c)). However, 7
T cells in other organs were not significantly reduced
after administration of y6 TCR mAb (Figure 5(b)
and (c)). We next utilized Kaede-Tg mice to further
examine the depleting effect of 0 TCR mAb on 7
T cells. We noticed that ISO Kaede-Tg mice exhibited
a significantly decreased number of Kaede Red’ 76
T cells in the SI-LP after injection of y0 TCR mAb
24 hours post-stroke. Accordingly, Kaede Red™ y¢
T cells in the brain and lung also significantly declined
after treatment with y6 TCR mAb (Figure 5(d) and (e))
at this time point. The data demonstrated that y0 TCR
mADb treatment caused an effect only on the number of
0 T cells in the small intestine, but there was little
effect on those in other organs.
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Figure 6. 76 T-cell depletion attenuated ISO-induced SAP exacerbation. (a, b) Infarct volumes were calculated as the percentage of
infarct volume to whole brain. (c) Neurological deficit score. (d) Total beam breaks in the open field test. (e) The use of the

contralateral paw in the cylinder test was determined by the percentage of left/total. (f) Cerebral MPO activity. (g) Bacterial loads in
the lungs of post-stroke mice. (h) Pulmonary MPO activity. (i) Pulmonary edema assessed by measuring wet lung weight normalized
per body weight and wet/dry lung ratio. (j) Representative H&E sections of lung and histological injury scores. Scale bar =100 um.
Western blotting analysis of IL-17A in the brain (k, m) and lung (I, n). Data are presented as individual values plus means £ SDs (n = 3—
12/group). Comparisons were determined by one-way ANOVA followed by post hoc Newman—Keuls multiple comparison tests. N.S.,
not significant, *P < 0.05, **P < 0.01, **P < 0.001. CFU, colony-forming units; ISO, isolated housing; MCAO, middle cerebral artery
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Next, we determined the potential effects of SI-
LP-derived yd T cells on neurological outcomes and
bacterial pneumonia. We found that ISO mice exhib-
ited significantly improved neurological outcomes
upon anti-y0 TCR mAb treatment 24 and 72 hours

after MCAOQ, as determined by strikingly reduced cere-
bral infarct volumes (Figure 6(a) and (b)), improved
functional recovery (Figure 6(c) to (¢)), and cerebral
MPO activities (Figure 6(f)). In addition, we excluded
the influence of surgical operation on the experimental
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results (Supplemental Figure 1(b)). Furthermore, anti-
70 TCR mAb treatment also significantly reduced the
pulmonary bacterial loads and lung wet/dry weight
ratio 24 and 72 hours after MCAO (Figure 6(g) to (i)).
Histopathological examination of the lung tissue
showed that treatment with anti-y0 TCR mAb markedly
reduced the tissue damage in lungs to a level that was
almost comparable to that of PH mice (Figure 6(j)).

The role of IL-17A in yd T-cell migration-mediated
SAP aggravation

We next investigated the cellular mechanisms by which
y0 T cells exert their effects. It was previously docu-
mented that y6 T cells play a potent proinflammatory
role in ischemic stroke by producing various cytokines,
such as IL-17A, IL-22, and IFN-y. **-* We then inves-
tigated the effects of anti-y0 TCR mAb treatment on
IL-17A, TL-22 and IFN-y concentrations in the brain
and Iung of ISO stroke mice 72 hours after stroke. We
found that the levels of IL-17A in the brain and lung of
ISO stroke mice significantly decreased after anti-yd
T mAb intervention 72 hours after MCAO
(Supplemental Figure 6(a)), but the levels of IFN-y and
IL-22 were not significantly changed after y0 T mAb
intervention (Supplementary Figure 6(b) and (¢)).
Meanwhile, we detected a significant decrease in the
level of IL-6 after y0 T mAb treatment (Supplementary
Figure 6(d)). We also observed significantly higher
IL-17A expression in the brain and lung of ISO mice
relative to that of PH mice 24 and 72 hours post-
stroke, and this expression was inhibited by ThANP treat-
ment (Figure 6(k) and (1)). In addition, we performed a
WB assay to validate the finding that y0 T mAb treat-
ment decreased IL-17A levels in the brains and lungs of
ISO stroke mice. Our data showed that y0 TCR mAb
treatment significantly reduced IL-17A expression in the
brains of ISO mice 72 hours after MCAO (Figure 6(m)).
IL-17A expression in the lungs of ISO mice 24 and 72
hours after MCAO was significantly decreased after
anti-y0 TCR mAb treatment (Figure 6(n)).

However, CD4" T helper-17 (Th17) cells are also
recognized as an important cellular source of IL-
17A.%7 However, no overt differences in Th17 cell
levels were detected in the brain and blood between
ISO mice, PH mice and rhANP-treated ISO mice
(Supplemental Figure 7(b) and (d)). Th17 cells signifi-
cantly increased in the lungs of ISO mice compared
with PH mice 72 hours after MCAO (Supplemental
Figure 7(a) and (c)). We then used Kaede-Tg mice to
explore the migration pattern of Th17 cells in the small
intestine. ISO mice has significantly more small
intestine-derived Th17 cells in the lung, blood and
spleen than PH mice 72 hours after MCAO
(Supplemental Figure 7(g), (i) and (j)). RhANP

treatment significantly attenuated the elevation of
migrated Th17 cells induced by ISO in the blood and
spleen, but not in the lung 72 hours after MCAO
(Supplemental Figure 7(g), (i) and (j)). Notably, ISO
mice administered with thANP exhibited significantly
restrained migration of Th17 cells from the SI-LP at
both 24 and 72 hours after MCAO (Supplemental
Figure 7(f)). No obvious changes in Th17 cell levels
in the brain and kidney were observed (Supplemental
Figure 7(h) and (k)). Our data indicated that the mark-
edly increased expression of IL-17A in the brain and
lung 24 and 72 hours after MCAO was mainly derived
from yd T cells but not from CD4" Th17 cells.

Involvement of the subdiaphragmatic vagus nerve in
mediating the migration of y6 T cells

We next sought to further explore the mechanisms by
which small intestinal yd T cells migrate into the injured
brain and lung during the pathological processes of
stroke. It was shown that vagus nerve signaling, an
essential component of the peripheral neural network,
is capable of mediating the release of lymphocytes.”®
We subsequently performed SDV or sham operation
on Kaede-Tg mice 14days before subjecting them to
either single- or pair-housed conditions to evaluate the
impact of the subdiaphragmatic vagus nerve on the
migration of small intestinal y6 T cells (Figure 7(a)).
In the process of establishing mouse models, cerebral
blood flow during ischemia and reperfusion was mea-
sured and did not differ between treatment groups
(Supplemental Figure 1(c)). We found that ISO mice
that underwent SDV presented with a significantly
increased number of y6 T cells in the SI-LP 72 hours
post stroke (Figure 7(b) and (c)). More importantly,
compared to sham surgery, SDV contributed to a
marked reduction in ydé T-cell migration to the brain
and lung 72 hours after MCAO (Figure 7(b) and (c)),
as well as a reduction in IL-17A expression in the brain
and lung of ISO mice 24 and 72 hours after MCAO
(Figure 7(d) to (g)). Collectively, our data indicated
that the subdiaphragmatic vagus nerve could be
involved in the ISO promotion of the migration of
small intestine-derived yé T cells to inflamed loci after
ischemic stroke.

Discussion

In this study, we examined the effects of different pre-
stroke housing conditions on brain damage and
pneumonia after ischemic stroke. In contrast to social
support, social isolation led to significant enlargement
of cerebral infarction and more serious pneumonia.
Moreover, ISO mice exhibited relatively high-grade
inflammation, as indicated by elevated MPO activity
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vagotomy; SI-LP, lamina propria of small intestine.

and IL-17A expression in the brain and lung.
Surprisingly, we found that rhANP treatment alleviat-
ed the highly inflammatory microenvironment in the
brain and lung, thereby improving the prognosis after
stroke. Through the exploration of cellular mecha-
nisms, we identified 76 T cells, rather than CD47"
Th17 cells, as a major source of IL-17A in the injured

brain and lung after stroke. It is worth noting that yo
T cells that migrate from the small intestine to the brain
and lung have been shown to be a critical determinant
of stroke exacerbation mediated by ISO. Furthermore,
the subdiaphragmatic vagus nerve participated in medi-
ating the migration of small intestine-derived yd T cells
into the brain and lung after stroke.



Xie et al.

1279

ISO is a stressful life event that has been linked with
a higher risk for cardiovascular events and all-cause
mortality.” It has been shown that more than 40%
of the geriatric population suffers from poor social
relationships due to social relationship alteration,
including the lack of spouse company.® In particular,
the number of stroke patients experiencing ISO is on
the rise, particularly among elderly individuals.
Emerging evidence has shown that both pre-stroke
and post-stroke, ISO was highly predictive of stroke
outcomes, and ISO prior to stroke was associated
with 40% greater risk of adverse outcomes, including
stroke recurrence and even death.'? While the precise
mechanisms underlying this phenomenon have yet to
be clarified, it is evident that social deprivation leads to
a deleterious pathological response to ischemic injury.
It is widely accepted that feeling lonely or being socially
isolated could overstimulate the stress response by
causing the overproduction of stress hormones and
the impairment of sleep quality.®® In addition, preclin-
ical experiments indicated a heightened inflammatory
response in the brain and systemic circulation of ISO
mice, and the elevation in systemic inflammation per-
sists for even months after ischemic injury.'>®'
Conversely, experimental animals that were pair
housed exhibited attenuated inflammatory responses,
such as changes in the plasma concentrations of I1L-6
and C-reactive protein; simultaneously, these animals
had reduced infarct volume and better recovery of loco-
motor activity compared to socially isolated
cohorts.'”%? In this study, we systemically assessed the
effects of pre-stoke ISO and PH on infarct volume,
pneumonia, barrier dysfunction, and immune imbal-
ance. ISO mice that underwent MCAO had worsened
infarct damage and more severe pneumonia relative to
paired cohorts. Importantly, we found aggravated cere-
bral, pulmonary and intestinal barrier damage in ISO
mice. Consistent with previous research, we found that
inflammatory cascades are initiated more aggressively in
the brain and lung in ISO mice than in PH mice.

ANP is a 28-amino acid endocrine mediator pre-
dominantly secreted by the atrium in response to
atrial stretch that is provoked by volume overload; fur-
thermore, ANP is implicated in the modulation of body
fluid homeostasis by potent diuretic, natriuretic and
vasorelaxant effects.*” NPRA is the predominant
receptor for ANP, and NPRA is expressed on diverse
organs and cells, including the lung, intestine, thymus,
kidney,**® and particularly in T lymphocytes.®*¢” The
distribution of ANP allows it to execute its biological
function in a wide range of pathophysiological process-
es. Evidence has shown that the plasma level of ANP is
closely correlated with chronic stressors.®® Research on
ANP conducted in recent decades has shown that
the hormone 1is not restricted to maintaining

volume—pressure homeostasis, but it is also essential
in the modulation of cell growth and it contributes to
anti-inflammatory processes.®*”’! Studies have shown
that ANP is involved in the regulation of monocyte/
macrophage functions, including phagocytosis, oxida-
tive burst activity and inhibition of nitric oxide and
tumor necrosis factor-a (TNF-a) production.”> "
ANP is also involved in stimulating the migration of
human neutrophils, promoting dendritic cell-mediated
Th2 cell polarization, enhancing human NK cell cyto-
toxicity and restraining the expression of proinflamma-
tory mediators and adhesion molecules.?’""¢"°
Importantly, ANP exerts barrier-protective effects by
reducing LPS- and TNF-a-induced increases in the per-
meability of endothelial cells and alleviating post-septic
intestinal injury.”>*" Furthermore, it has been docu-
mented that exogenous ANP has a protective role in
terms of both neurofunctional improvement and
infarct volume reduction in experimental models of
ischemic stroke.”” Corroborating these findings, our
study showed that exogenous administration of ANP
in a dose-dependent manner decreased cerebral infarct
damage and ameliorated associated pneumonia in ISO
mice. It is noteworthy that administration of rhANP
significantly reduced the lesion volumes in ISO stroke
mice, comparable to that of PH stroke cohorts.
However, in PH stroke mice, treatment with thANP
did not result in a further significant reduction in
infarct volumes, possibly due to multifactorial reasons.
Several factors have been demonstrated to contribute
to the enlargement of infarct volumes in stroke mice,
such as the joint action of a variety of immune cells and
inflammatory mediators, microglial activation, and
dysfunction of oxidative stress and apoptosis.®'%?
Although ANP plays a crucial role in stroke, its
action may not counteract that of other immune fac-
tors. Therefore, simply supplementing ANP may have
a limited effect on the infarct area in PH mice with
small brain infarctions. Furthermore, by probing the
cellular mechanisms responsible for the beneficial
effects of rhANP in ischemic stroke, we found that
rhANP significantly suppressed the migration of
small intestine-derived y0 T cells into the brain and
lung induced by pre-stroke ISO. Likewise, rhANP con-
tributed to a marked reduction in IL-17A expression in
the brain and lung of ISO mice after stroke, supporting
the potent anti-inflammatory capacities of ANP. In line
with our findings, Ma et al. demonstrated that ANP
inhibited Th17 cell differentiation, as well as the pro-
duction of IL-17A, in a dose-dependent manner.
After ischemic stroke, the blood brain barrier
becomes vulnerable, allowing peripheral immune cells
to infiltrate into the brain parenchyma. There is
increasing evidence that the activation and infiltration
of innate and adaptive immune cells into ischemic brain
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regions can cause deleterious neuroinflammation after
stroke.®® Activated adaptive T cells invade the infarc-
tion area to exert different effects, and these cells also
serve as a major inflammatory trigger for stroke pro-
gression. The activation and infiltration of CD4" and
CD8" T cells exacerbate neuroinflammation and
restrain the recovery from ischemic stroke.*>*” The
invasion of regulatory T cells has been demonstrated
to play an essential role in the maintenance of brain
immune homeostasis by exerting an immunosuppres-
sive effect in the early stage of stroke.®*® The innate
immune response is involved in the early phase of pos-
tischemic brain injury, and intrusion of peripheral
innate immune cells (e.g., neutrophils, monocytes, mac-
rophages, and natural killer cells) induces overactiva-
tion of neuroinflammation.®® 6 T cells are
unconventional T lymphocytes that lack MHC restric-
tion and are considered a bridge between innate and
adaptive immunity.®® Although 7 T cells constitute
only a minor fraction of T cells in peripheral blood,
they represent the major T-cell population in mucosal
and epithelial tissues, especially the gut.*’ 76 T cells
display rapid activation and effector responses by
secreting proinflammatory cytokines, including IL-
17A, 1IL-22, IFN-y and TNF-o, which induce the
recruitment of neutrophils and macrophages.®®
Inflammatory 96 T cells are emerging as key players
in various clinical settings, including autoimmune dis-
eases,” allergies and multiple solid tumor types in
humans.***°%? Furthermore, accumulating evidence
has shown that y6 T cells not only participate in the
sophisticated network in the local microenvironment of
intestinal inflammation and immunity but also serve as
important mediators of gut-brain axis communica-
tion.”** We and others have demonstrated that after
stroke, activation of gut inflammatory yé T cells may
drive or exacerbate ischemic brain injury by causing
migration to the injury site and by producing proin-
flammatory cytokines (e.g., IL-17) to promote the
recruitment of neutrophils and monocytes.***’ In addi-
tion, we also observed significantly higher levels of
small intestine-derived yd T cells in the inflamed Iungs
of ISO post-stroke mice, suggesting a critical role of yo
T cells in mediating the dysfunction of the lung-gut
axis. Moreover, in murine models of psoriasis, the
migration of IL-17A-producing 0 T cells between
skin-draining lymph nodes and the dermis play a crit-
ical role in the pathology of psoriasis;” furthermore,
depletion of yo T cells can alleviate skin inflamma-
tion.”® Collectively, these results indicate that migrato-
ry 0 T cells function as an important proinflammatory
population in the induction of pathology in a variety of
diseases. In our study, we observed significantly
increased intestinal, cerebral and pulmonary perme-
ability in ISO mice subjected to MCAO. The alteration

of mucosal barrier function with accompanying
increased permeability has been associated with bacte-
rial translocation and immune dysfunction and has a
causal link with a variety of pathological conditions,
such as inflammatory bowel disease and ischemic
stroke.”” % Moreover, the intestinal inflammation pro-
moted by elevated intestinal permeability may partly
account for the transformation from protective yJ
T cells to pathogenic 73 T cells.** In line with previous
studies, we found that IL-17A expression was markedly
elevated in the damaged lungs and brains of ISO mice
after ischemic stroke, which was highly in accordance
with the expression pattern of yé T cells. yo T cells exert
a strong proinflammatory role in ischemic stroke by
secreting IL-17A, IL-22, and IFN-y.® Our data
revealed a significant decrease in IL-17A concentration
in the brain and lung of ISO stroke mice, indicating the
critical role of IL-17A in mediating the deleterious
effect of yo T cells in SAP. Proinflammatory IL-17A
has been demonstrated to be indispensable for the
recruitment of neutrophils and the exacerbation of
inflammation, and although most studies have focused
on IL-17A-producing CD4" T cells, yd T cells are also
a major source of IL-17A; in some autoimmune dis-
eases, IL-17A production by yé T cells is more pro-
nounced than that of Thl7 «f T cells.'®
Corroborating these findings, we found that CD4"
Th17 cells did not play a primary role in the aggrava-
tion of SAP induced by ISO. Therefore, in our murine
models of ischemic stroke, we postulated that IL-17A
production by yd T cells played a prominent role in the
induction and promotion of deleterious inflammation
and associated tissue-damaging side effects in ISO-
induced SAP exacerbation. Larger infarct lesions in
specific brain locations, such as the superior and lateral
temporal lobe and the orbitofrontal cortex, are shown
to be associated with an increased risk of SAP.'"!
Therefore, it is noteworthy that the protective effects
of pair housing on SAP, caused by inhibiting small
intestine-derived yd T-cell migration to lungs, may be
directly attributable to fewer infarcts in the superior
and lateral temporal lobe and the orbitofrontal cortex.

As the longest of the cranial nerves, the vagus nerve
connects the brain to the peripheral organs.
Information from the heart, lungs, and intestines is
delivered constitutively to the brain through the
vagus nerve.'%? Vagal signaling is now recognized as
a key regulator of the communication between periph-
eral immune responses and the brain, with good evi-
dence that vagotomy could attenuate the reduced social
exploration induced by intraperitoneal administration
of IL-15.1°% Very recently, we revealed that SDV abro-
gated gut microbiota alteration-elicited neuroinflam-
mation and cognitive dysfunction in endotoxemic
mice after systemic LPS challenge.”’ In addition, we
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have reported that SDV abrogates postseptic sleep
deprivation-mediated exacerbation of systemic inflam-
mation and multiorgan injuries.®® In this study, we
showed that ISO-exacerbated cerebral and pulmonary
damage post-stroke may be mediated via vagal regula-
tion of gut-derived yo T-cell migration, as evidenced by
the weakened migratory capacity of gut-derived 70
T cells to the brain and lung in mice that underwent
SDV. Our results are indicative of the complexity of
the bidirectional nature of vagal signaling between the
periphery and brain, as well as the ability of the vagus
nerve to facilitate peripheral immune signaling to the
brain. Thus, recruitment of inflammatory yd T cells
into the brain might be a neuropathologic mechanism
under the control of the subdiaphragmatic vagus nerve.

In conclusion, our study revealed that thANP could
alleviate ISO-aggravated ischemic cerebral damage and
SAP in post-stroke mice by inhibiting small intestine-
derived yo T-cell migration to the brain and lung. The
subdiaphragmatic vagus nerve mediates the migration
of small intestine-derived y0 T cells into the brain and
lung. However, the relationship between the subdiaph-
ragmatic vagus nerve and ANP in alleviating pre-
stroke ISO-mediated aggravation of ischemic brain
injury and SAP needs to be further investigated. ANP
might inhibit ISO-mediated aggravation of ischemic
brain injury and SAP through subdiaphragmatic
vagus nerve-mediated crosstalk between the gut and
brain, as well as the lung.
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