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BACKGROUND: Obstructive sleep apnea (OSA) is an independent risk factor for the development of hypertension. We have dem-
onstrated that OSA induces gut dysbiosis, and this dysbiotic microbiota contributes to hypertension. However, the mecha-
nisms linking gut dysbiosis to blood pressure regulation remain unclear. Recent studies demonstrate that gut dysbiosis can
induce a proinflammatory response of the host resulting in peripheral and neuroinflammation, key factors in the develop-
ment of hypertension. We hypothesized that OSA induces inflammation in the gut that contributes to neuroinflammation and
hypertension.

METHODS AND RESULTS: OSA was induced in 8-week-old male rats. After 2weeks of apneas, lymphocytes were isolated from
aorta, brain, cecum, ileum, mesenteric lymph node, and spleen for flow cytometry. To examine the role of interleukin-17a, a
monoclonal antibody was administered to neutralize interleukin-17a. Lymphocytes originating from the gut were tracked by
labeling with carboxyfluorescein succinimidyl ester dye. OSA led to a significant decrease in T regulatory cells along with an
increase in T helper (T,,) 17 cells in the ileum, cecum, and brain. Interleukin-17a neutralization significantly reduced blood pres-
sure, increased T regulatory cells, and decreased T,,1 cells in the ileum, cecum, and brain of OSA rats. T 1, T;2, and T 17
cells from the gut were found to migrate to the mesenteric lymph node, spleen, and brain with increased frequency in rats
with OSA.

CONCLUSIONS: OSA induces a proinflammatory response in the gut and brain that involves interleukin-17a signaling. Gut dys-
biosis may serve as the trigger for gut and neuroinflammation, and treatments to prevent or reverse gut dysbiosis may prove
useful in reducing neuroinflammation and hypertension.
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bstructive sleep apnea (OSA) is characterized by
repeated closure of the upper airway during sleep.
These apneic events result in intermittent hypoxia,
hypercapnia, and increased sympathetic activity. OSA
is a significant risk factor for numerous cardiovascular
diseases, including myocardial infarction, stroke, and
hypertension.'-® The prevalence of OSA in patients with
primary hypertension is ~35%, and as high as ~80% in
drug-resistant hypertension.* Recent evidence supports

the idea that OSA-induced inflammation underlies many
of the associated cardiovascular consequences.®™’
Specifically, neurcinflammation is a hallmark of OSA-
induced hypertension.®"® However, the mechanisms
by which OSA induces neuroinflammation are not fully
understood.

In recent years, the gut microbiota has been
shown to play a major role in modulating host immu-
nity."" Microbes and microbial products influence the
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RESEARCH PERSPECTIVE
What Is New?

The development of obstructive sleep apnea-
induced hypertension involves gut dysbiosis,
gut and neuroinflammation, and tracking of pro-
inflammatory immune cells from gut to brain.

e Neutralization of interleukin-17a prevents ob-
structive sleep apnea-induced hypertension.

What Question Should be Addressed

Next?

e What are the signals originating from the dysbi-
otic microbiota that initiate the proinflammatory
response, and ultimately hypertension, in the
host?

Nonstandard Abbreviations and Acronyms

CFSE carboxyfluorescein succinimidyl ester

MLN mesenteric lymph node

niL-17a neutralizing antibody targeted to
interleukin-17a

OSA obstructive sleep apnea

SBP systolic blood pressure

SHR spontaneously hypertensive rat

T, T helper cell
TNF-a  tumor necrosis factor alpha
Treg T regulatory cell

host immune response, with some microbial signals
being proinflammatory and others anti-inflammatory.'?
Furthermore, microbial influence on host immune re-
sponse is not restricted to the gut wall. Microbial sig-
nals entering the circulation can affect immune cells
at distant sites.'®*'* Additionally, alterations to the gut
microbiota (ie, gut dysbiosis) can induce inflammation
in the gut, and these immune cells originating from the
gut can migrate to distant tissues, including the brain.'®

We previously developed a rat model of OSA that
incorporates true apneic events.'® By implanting a bal-
loon in the trachea, we are able to induce intermittent
apneas in unanesthetized rats. We've demonstrated
that this model results in arousals, intermittent hypoxia
and hypercapnia, and exaggerated negative intratho-
racic pressures.'® In rats fed a normal chow diet, ap-
neas did not significantly affect blood pressure (BP).
However, in combination with a high-fat diet, OSA re-
sulted in significant elevations in BP within 2 weeks.!"18
In addition, we and others have now demonstrated
that various models of OSA (eg, true apneas and
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intermittent hypoxia) significantly alter the makeup of
the gut microbiota.'23 To examine if OSA-induced gut
dysbiosis contributes to elevations in BP, we trans-
planted the microbiota from hypertensive rats with
OSA to normotensive recipients, which significantly
elevated the recipient BP." Given the relationship be-
tween gut dysbiosis and host inflammation, and the
importance of neuroinflammation in the pathogenesis
of OSA-induced hypertension, we hypothesized that
OSA induces inflammation in the gut that contributes
to neuroinflammation and hypertension.

The studies herein demonstrate that OSA-induced
hypertension is associated with a significant loss of
anti-inflammatory T regulatory cells (Tregs) and in-
creased proinflammatory T helper (T,,) 1 and T,17 cells
in the ileum, cecum, and brain. Neuroinflammation is
significant since it is an important component of OSA-
induced hypertension. Furthermore, systemic neutral-
ization of the proinflammatory cytokine interleukin-17a
prevented OSA-induced hypertension. Finally, through
cell tracking studies, we demonstrate that OSA results
in increased trafficking of T1, T2, and T,17 cells from
Peyer’s patches in the small intestine to the mesenteric
lymph nodes (MLNs), spleen, and brain. Collectively,
these results demonstrate that OSA induces a proin-
flammatory response in the gut and brain that contrib-
ute to the development of OSA-induced hypertension.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

All animal protocols were approved by the
Institutional Animal Care and Use Committee at Baylor
College of Medicine (Houston, TX) and conformed to
the Guide for the Care and Use of Laboratory Animals,
8th edition, published by the National Institutes of
Health. Rats were subjected to a 12 hours light (6 AaM—6
PM): 12hours dark (6 Pm—6 Am) cycle.

OSA Rat Model

We previously developed and characterized a model of
OSA involving true apneas in unanesthetized rats.'®4
We have demonstrated that male rats fed a high-fat
diet and exposed to 2weeks of apneas develop gut
dysbiosis that contributes to the development of hy-
pertension in this model."” After 2 weeks of high-fat diet
rats were implanted with an endotracheal obstruction
device. Following 1week of recovery, rats with OSA
were exposed to 60 apneas, 10s each, per hour for
8hours during the sleep phase (9 Av—5 Pmv). Sham rats
underwent identical surgical procedures and device
implantation, but endotracheal obstruction devices
were never inflated.
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Noninvasive Blood Pressure
Measurements

The CODA Volume Pressure Relationship tail-cuff sys-
tem (Kent Scientific Corporation) was used to measure
systolic blood pressure (SBP) in unanesthetized rats. A
minimum of 10 consecutive readings, without move-
ment artifact, were averaged for each measurement.
We have demonstrated that SBP values obtained
using the tail-cuff method are comparable to direct ar-
terial measurements made in the same rat.

Gut Microbiota Analysis

On day 14, sham or OSA cecal content was collected
and stored at —80 °C. The samples were sent to the
Center for Metagenomics and Microbiota Research
at the Baylor College of Medicine, where 16S rRNA
gene sequence libraries were generated from the V4
primer region using the lllumina MiSeq platform after
extracting DNA using MO BIO PowerMag Soil Isolation
Kit (MO BIO Laboratories). Reads were denoised and
merged into amplicon sequence variants by DADA2
pipeline in R. Taxonomic annotations were also gen-
erated against DADA2-formatted training FASTA files
derived from SILVA138 Database. Amplicon sequence
variants with identical taxonomic assignment were
grouped into taxonomic bins. The results were ana-
lyzed and visualized with the Agile Toolkit for Incisive
Microbial Analyses version 2 developed by the Center
for Metagenomics and Microbiota Research at the
Baylor College of Medicine.

Interleukin-17a Neutralization

Beginning the day before the onset of sham or OSA,
rats were administered 1 ug of purified rat monoclo-
nal anti—interleukin-17a immunoglobulin G (IgG) (clone
50104, R&D Systems, No. MAB421) or isotype con-
trol purified rat monoclonal IgG2A (clone 54 447, R&D
Systems, #MABOO06) by intraperitoneal injection.
Injections were administered every other day during
the 2 weeks of sham or OSA.

Interleukin-17a ELISA

Following 2weeks of sham or OSA, plasma was iso-
lated and stored at —80°C. Plasma was diluted 1:10 in
sterile PBS. Plasma was incubated overnight at 4°C
with anti—interleukin-17a rat monoclonal 1gG (clone
50104, R&D Systems, No. MAB421) that was immo-
bilized to wells in a clear round-bottom 96-well plate.
Biotinylated anti-rat interleukin-17a (Rockland, No. 212-
406-b32) was added and incubated for 2 hours at room
temperature. Streptavidin-conjugated HRP was added
and incubated for 20 minutes at room temperature,
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and 3,3',5,5-tetramethylbenzidine substrate (100 uL;
Biolegend 421 501) was added, followed by stop solu-
tion. Absorbance was measured at 450 nm.

Interleukin-10 ELISA

Following 2 weeks of sham or OSA, plasma was isolated
and stored at —80 °C. Plasma was diluted 1:2 in sample
diluent Z buffer (Invitrogen Rat interleukin-10 Uncoated
ELISA kit, Catalog No. 88-50629-88). Pretitrated, puri-
fied anti-rat interleukin-10 monoclonal antibody was im-
mobilized to wells in a clear round-bottom 96-well plate
with overnight incubation. The following day, wells were
blocked with blocking buffer provided in the kit with
overnightincubation at 4 °C. Standards (recombinant rat
interleukin-10) and diluted plasma samples were added
to the wells along with pretitrated, biotin-conjugated
anti-rat interleukin-10 and incubated for 2 hours at room
temperature. After washing, streptavidin-conjugated
HRP was added and incubated for 1hour at room
temperature. 3,3',5,5'-tetramethylbenzidine substrate
provided in the kit was added, followed by incubation
at room temperature for 15minutes. Finally, stop so-
lution (Biolegend, No. 77316) was added to the wells.
Absorbance was measured at 450nm.

Carboxyfluorescein Succinimidyl Ester
Cell Labeling

Rats were initially exposed to 2 days of sham or OSA.
Following the initial 2days of sham or OSA, rats were
anesthetized and the small intestine exteriorized to
visualize Peyer’'s patches. Cells in Peyer's patches
were fluorescently labeled by microinjection with
2uL of 25uM carboxyfluorescein succinimidyl ester
(CFSE; Biolegend, No. 423801) per Peyer’'s patch.
Subsequently, rats recovered from CFSE microinjec-
tions for 24hours before undergoing an additional
2days of sham or OSA. On day 5 of the experiment,
rats were euthanized and tissues harvested for analy-
ses of T cells positive for CFSE by flow cytometry.

Isolation of Lymphocytes and Flow Cytometry

Rats were transcardially perfused with ice-cold PBS
solution, and the brain was removed. The right hemi-
sphere was homogenized and incubated in RPMI-
1640 (Corning) containing collagenase type 1A (1mg/
mL, Sigma, C2674) and DNase | (10mg/mL, Roche,
10104 159001) for 45minutes at 37 °C. The cell sus-
pension was passed through a 70-uM cell strainer and
washed, and a gradient centrifugation was performed
using 30% and 70% percoll (Cytiva 17089 101) at 500g
for 30minutes. The interphase layer containing the
lymphocytes was collected.
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Chopped aorta was incubated in dissociation buffer
containing collagenase type I-S (1.5mg/mL, Millipore,
SCR103), collagenase type Xl (115ug/mL, Sigma,
C7667), hyaluronidase type 1-s (72.5ug/mL, Sigma,
H3506), and DNase | (10mg/mL) for 60 minutes at 37
°C. The cell suspension was passed through a 70-uM
cell strainer and washed, and the lymphocytes were
collected for downstream analysis.

For cecum and ileum, the tissues were cut into
small pieces, and the epithelial layer was dissociated
with EDTA buffer (2mM) and removed using a 100-
uM cell strainer. The tissue pieces were retrieved and
further digested with collagenase type IV (1 mg/mL;
Gibco, 17 104-019) and DNase | (10mg/mL) for 45 min-
utes at 37 °C. Cells were filtered through a 100-uM cell
strainer, followed by 70- and 40-uM cell strainers, and
washed, and lymphocytes were collected for down-
stream analysis.

MLN and spleen were removed and processed by
mechanical disruption on a 70-uM mesh filter. Red
blood cell lysis was achieved using the red blood cell
lysis buffer (BioLegend, 420302). Lymphocytes from
Peyer’s patches were isolated by incubating the tissue
with collagenase type IV (1 mg/mL; Gibco, 17 104-019)
for 15 minutes at 37 °C and mechanical disruption
through a 70-uM filter.

Cells from all tissues were washed, stained
using live/dead Fixable Near-IR Dead Cell Stain Kit
(Invitrogen, L34975) followed by blocking with anti-rat
Fc block (mouse anti-rat CD32, clone D34-485; BD
Pharmingen, 550271) before staining for extracellular
markers. Cells were stained with anti-CD 45 (Alexa
Fluor 700, clone OX-1; BioLegend, 202218), anti-CD3
(FITC, clone eBioG4.18, eBioscience, 11-0030-85),
anti-CD4 (V450, clone: OX-35; BD Horizon, 561579),
anti-CD25 (APC, clone OX39; eBioscience, 17-0390-
82), and anti-major histocompatibility complex class |I
(APC, clone HS19; eBioscience, 17-0920-82).

For intracellular staining, T cells (1x108cells/mL)
were stimulated for 6hours with 2 ul Cell Activation
Cocktail (BioLegend, 423 303), followed by fixation and
permeabilization with either True-Nuclear Transcription
Factor Buffer (Biolegend, 424 401) for Forkhead box P3
staining or Cyto-Fast Perm/Wash Buffer (Biolegend,
750000 135) for cytokines. Cells were stained intracel-
lularly for Foxp3 (PE-Cyanine 7, clone FJK16S, eBio-
science, 25-57773-82), interferon-y (Alexa Fluor 647,
clone DB-1; BioLegend, 507 810), interleukin-17a (PE-
Cyanine 7, clone eBio1787; eBioscience, 25-7177-82),
tumor necrosis factor-a (TNF-a) (PE, clone TN3-19.12;
BioLegend, 506 104), CD68 (FITC; Biorad, MCA341F),
and interleukin-4 (PE, clone 0OX081; Biolegend,
511906).

Fluorescence-minus-one controls were used to dis-
tinguish positively stained cells for each antibody. The
cells were analyzed using Attune NXT Flow Cytometer.
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The data were analyzed using FlowdJo software. Data
are presented as percentage or CD4* or CD45* cells.

Statistical Analysis

Sample sizes were estimated a priori using SDs of SBP
data and powered to provide detection of a 15mmHg
change in SBP using P<0.05 and a power of 0.8. Rats
were randomized to control and treatment groups.
Whenever possible, cohorts included all treatment
groups to minimize potential confounders. Sample IDs
were nondescriptive such that individuals performing
data analysis were blinded to treatment groups.

SBP was analyzed by 2-way repeated measures
ANOVA with Tukey’s multiple comparison test. Two-
way ANOVA with Tukey’s multiple comparison test
was used for 4-group flow cytometry, interleukin-17a,
and interleukin-10 measurements. Two-tailed unpaired
t-test was used to compare flow cytometry data be-
tween 2 groups. Data for taxa abundance were an-
alyzed using the Mann-Whitney U test with a false
rate of discovery adjusted for multiple comparisons.
Differences were considered statistically significant
for multiple comparisons or false rate of discovery if
P<0.05. B diversities were measured using unweighted
and weighted UniFrac, visualized by principal coordi-
nate analysis, and statistically analyzed using permu-
tational multivariate ANOVA.

RESULTS

OSA-Induced Hypertension and Gut
Inflammation

Exposing rats to 60 apneas/hour for 8hours during the
sleep phase led to significant elevations in blood pres-
sure after 7 (137+5 versus 165+5mmHg; P=0.0044)
and 14 (137+4 versus 167+4mmHg; P=0.0012) days
(Figure 1A). We have previously demonstrated that
OSA-induced gut dysbiosis plays a causal role in the
development of hypertension.”” 16S rRNA sequenc-
ing was used to assess the effects of OSA on the
cecal microbiota. Measures of « diversity showed
no significant differences between sham and OSA
(Figure S1). However, unweighted (Figure 1B; £P=0.004)
and weighted (Figure 1C; P=0.005) UniFrac distance
analysis revealed significant differences between
sham and OSA cecal bacterial community composi-
tion. Linear discriminant analysis effect size analy-
sis identified 7 genera representative of sham and 5
genera representative of OSA rats (Figure 1D). The
relative abundance of genera identified by linear dis-
criminant analysis effect size, with a mean abundance
>1%, are shown in Figure 1E. The relative abundance
of the genus Lachnospiraceae_UCG_004 was signifi-
cantly increased in the cecum of OSA rats (11.7 versus
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Figure 1. OSA induces hypertension and gut dysbiosis.

Systolic blood pressure in sham and OSA rats (A). Measures of cecal community -diversity in sham and OSA, unweighted UniFrac
(B), and weighed UniFrac (C). LefSe analysis was used to identify taxa representative of sham vs OSA (D). Taxa identified by LefSe
with a relative abundance >1% are plotted in (E). n=6-7 per group, **P<0.01 using 2-way repeated-measures ANOVA and multiple
comparisons with Tukey’s multiple comparison test (A), permutational multivariate ANOVA (B and C), linear discriminate analysis
(LDA; D), and false rate of discovery adjusted 2-tailed Student’s t-test (E). Error bars represent +SEM (A). BP indicates blood pressure;
LefSe, linear discriminant analysis effect size; and OSA, obstructive sleep apnea.

3.5%; false rate of discovery adjusted P=0.028), while
Coprococcus was reduced following OSA (0.02 versus
2.1%, false rate of discovery adjusted P=0.055).

Given the strong relationship between the gut mi-
crobiota and host immune response, we assessed the
inflammatory status of ileum and cecum by flow cy-
tometry following 2weeks of sham or OSA. Figure 2A
illustrates the gating strategy used to distinguish T
regulatory (Treg; CD4* Forkhead box P3*), T 1 (CD4*
interferon-y*), and T,17 (CD4*interleukin-17%) cells.
Following 2weeks of OSA, anti-inflammatory Tregs
were significantly reduced and proinflammatory T,1
and T,17 were significantly increased in the ileum and
cecum (Figure 2B and 2C). This resulted in a significant
increase in the T,17/Treg ratio, which has also been ob-
served as an indicator of inflammation in other models
of hypertension (Figure 2B and 2C).?5-?” Plasma levels
of TNF-a have previously been shown to be elevated in
OSA patients and were proposed as a diagnostic bio-
marker for OSA.5" We found that CD4+ cells express-
ing TNF-a were significantly increased in the ileum and
cecum following OSA (Figure 2B and 2C). No signifi-
cant difference was observed in ileum or cecum mac-
rophages (CD45*CD68*MHCII) following OSA.

OSA-Induced Inflammation Extends
Beyond the Gut

We have previously shown that OSA is associated
with gut barrier disruption.’® Following barrier dis-
ruption, bacteria and bacterial antigens can cross
the epithelium, leading to activation and migration of
antigen-presenting cells to the MLN, T-cell activation,
and peripheral inflammation. Therefore, we assessed
inflammation in the MLN, spleen, and aorta using the
same gating strategy presented in Figure 2A. We found
significant increases in T,1, macrophages, and TNF-a*
cells in spleen, and increased T,1 and TNF-a* cells in
aorta (Figure S2).

OSA-Induced Neuroinflammation

Neuroinflammation has been shown to play a key role
in the pathogenesis of hypertension in patients and
animal models.?®3" In addition, alterations to the gut
microbiota have been shown to influence brain ho-
meostasis and neuroinflammation.3> Two weeks of
apneas led to a significant decrease in Tregs, as well
as increased T,,17, macrophage/microglia, and CD4*
TNF-a* cells, in the brains of OSA rats (Figure 3A
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Figure 2. Gut inflammation following 14days of OSA.

Flow cytometry gating strategy to identify immune cell subtypes (A). Effects of OSA on Tregs, T,,1, T,;17, TNF-a+, macrophages, T,,17/Treg
ratio in ileum (B) and cecum (C). n=8 and 7 in sham and OSA, respectively; **P<0.005, ***P<0.001, ****P<0.0001 using 2-tailed Student’s t-
test. Error bars represent £SEM (B and C). Foxp3 indicates Forkhead box P3; FSC-H, forward scatter, IFN, interferon; IL, interleukin; OSA,
obstructive sleep apnea; SSC-A, side scatter; T,,, T helper cell; TNF-o, tumor necrosis factor-o; and Tregs, T regulatory cells.

through 3E). The ratio of T, 17/Treg cells was signifi-
cantly increased in the brain of OSA versus sham rats
(Figure 3F).

Involvement of Interleukin-17 in the
Systemic Inflammation and Hypertension
of OSA

Given the elevations in T,;17 cells in the gut and brain
following OSA, we chose to examine the involvement
of the cytokine interleukin-17a. Elevated T,17 and
interleukin-17a have been previously implicated in the
spontaneously hypertensive rat (SHR) model.333* To
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examine the role of interleukin-17a in OSA-induced
hypertension, rats were treated with a neutralizing an-
tibody targeted to interleukin-17a (nlL.-17a) or a nonim-
mune IgG during the 2weeks of sham or OSA. First,
we observed that circulating interleukin-17a was signifi-
cantly elevated in OSA versus sham rats receiving the
nonimmune IgG. Neutralization of interleukin-17a suc-
cessfully reduced the circulating interleukin-17a in OSA
rats to a similar level measured in sham rats (Figure 4A).
Additionally, OSA significantly reduced plasma inter-
leukin-10 by 50%, and neutralizing interleukini7a sig-
nificantly increased circulating interleukin-10 in OSA
rats (Figure 4B). As compared with OSA rats receiving
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Figure 3. Neuroinflammation following 14days of OSA.

Effects of OSA on Tregs (A), T1 (B), T,17 (C), TNF-a+ (D), macrophages (E), and T,,17/Treg ratio (F) in brain. n=8 and 7 in sham and
OSA, respectively; **P<0.005, ***P<0.001, ****P<0.0001 using 2-tailed Student’s t-test. Error bars represent +SEM. OSA indicates
obstructive sleep apnea; T, T helper cell; TNF-a, tumor necrosis factor-o; and Tregs, T regulatory cells.

the nonimmune 1gG, OSA rats receiving nll-17a had
significantly lower SBP after 2weeks (143+5 versus
169+5mmHg; P=0.022) of OSA (Figure 4C). The SBP
of OSA rats receiving nll-17a was not significantly dif-
ferent from sham rats, demonstrating that neutraliza-
tion of interleukin-17a prevented hypertension.

We next examined the effects of interleukin-17a
neutralization on the proinflammatory response to OSA
in the gut and brain (Figure 5). nlL-17a treatment did not
significantly alter the percentage of T, 17 cells in ileum
or cecum. OSA rats treated with nonimmune IgG or
nlL-17a both exhibited increased T,17 cells in ileum and

cecum as compared with sham rats. However, nlL-17a
prevented the loss of Tregs in ileum and cecum fol-
lowing OSA (Figure 5A and 5B). Additionally, OSA rats
receiving nll-17a had a significantly lower percentage
of T,;1 and macrophages in ileum and cecum, as com-
pared with OSA receiving nonimmune IgG (Figure 5A
and 5B). Overall, these data indicate that interleukin-
17a neutralization reduced gut inflammation. In brain,
niL-17a prevented the OSA-induced increase of T,17
cells (Figure 5C). This was associated with decreased
Ty1, microglia, and CD4* TNF-a* cells, and increased
Tregs in brain following OSA (Figure 5C). Overall,
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Figure 5.

Interleukin-17a neutralization reduces OSA-induced gut and neuroinflammation.

Effects of interleukin-17a neutralization on Tregs, T,1, T,;17, TNFa+, and macrophages in the ileum (A), cecum (B), and brain (C) of
sham and OSA rats. n=4 in ileum, n=6 in cecum and brain; *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001 using 2-way ANOVA with
Tukey’s multiple comparisons test. Error bars represent +SEM. OSA indicates obstructive sleep apnea; Ty, T helper cell; and Tregs,

T regulatory cells.

neutralization of interleukin-17a prevented OSA-
induced inflammation in gut and brain.

No effects of nlL-17a were observed on the percent-
ages of immune cells in MLN or spleen (Figure S3A
and S3B). Neutralization of interleukin-17a significantly
reduced the percentage of CD4+ TNF-a* cells found in
the aorta following OSA (Figure S3C).

T Cells Migrate From Gut to Brain
Following OSA

Previous studies have demonstrated that immune cells
originating in gut can migrate to brain.'® Given that the
immune cell response to OSA was similar in gut and
brain (Figures 2 and 3), we sought to track the migration
of gut-derived immune cells following OSA. Following
2 days of sham or OSA, cells in Peyer’s patches of the
small intestine were fluorescently labeled by microin-
jection with CFSE dye. Following an additional 2 days
of sham or OSA, fluorescently labeled T cells were as-
sessed in Peyer’s patches, MLNSs, spleen, and brain.
The gating strategy for identifying CFSE-labeled T,
subsets is shown in Figure 6A. Following OSA, there
was a significant reduction in CFSE-labeled CD4* cells
in the Peyer’s patches (Figure 6B). This reduction of
Ty cells following OSA was observed for T,;1, T,;2, and
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T17 subsets. OSA also led to significant increases in
gut-derived (CFSEY) T, 1, T,,2, and T, 17 cells found in
MLNSs and spleen (Figure 6C and 6D). Interestingly, we
did not observe elevations in T,1 or T,17 in MLN at
14 days of OSA (Figure S2). This suggests that traffick-
ing of proinflammatory immune cells through the MLNs
may represent an early response to the onset of OSA.
Finally, in sham rats we did not detect any gut-derived
CD4*CFSE* cells in brain. However, following OSA
there were significant increases in gut-derived CFSE*
Ty1, T2, and T,17 cells found in brain. These findings
indicate that OSA induces an efflux of T lymphocytes
from Peyer’s patches in the small intestine, and these
cells migrate to MLNSs, spleen, and brain.

DISCUSSION

OSA is characterized by chronic low-grade systemic
inflammation, which is believed to contribute to its car-
diovascular and cerebrovascular consequences.8°
Specifically, neuroinflammation plays an important
role in the development of OSA-induced hyperten-
sion.>88 Therefore, a better understanding of the
mechanisms linking OSA to neuroinflammation is of
great importance. We observed that 2weeks of OSA
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led to significantly elevated BP, altered gut microbiota,
and inflammation in the gut and brain. Additionally,
neutralization of interleukin-17a reduced gut and brain
inflammation and prevented OSA-induced hyperten-
sion. Finally, cell-tracking studies demonstrate that T,
cells originating in the gut migrate to the brain in re-
sponse to OSA. These results support the idea that
neuroinflammation plays a key role in the development
of OSA-induced hypertension and suggest that the
proinflammatory response is initiated in the gut.
Convincing evidence over the past several decades
has demonstrated the importance of inflammation
in the development and progression of hyperten-
sion. T-cell infiltration of the kidney, vascular wall, and
brain contribute to elevated BP and end-organ dam-
age.'430:31.35.36 Recently, several studies have revealed
that inflammation in the gut may also be a key com-
ponent of hypertension.'®37-3° The first significant find-
ing of our studies is that OSA induces gut dysbiosis
and a proinflammatory response in the gut. Models
of intermittent hypoxia also demonstrate significant
alterations to the gut microbiota.®19-2340 This suggests
that intermittent hypoxia may be a key component
of OSA contributing to gut dysbiosis. We observed
trends for decreased abundance of Coprococcus and
increased Blautia, along with a significant increase
of Lachnospiraceae_UCG_004 in response to OSA.
Coprococcus was previously identified as a potentially
protective genus in a mouse model of hypoxia-induced
pulmonary hypertension and the SHR model. 443
Blautia has been suggested as a potentially harmful
genus in the angiotensin Il model of hypertension and
shown to positively correlate with BP in patients.44°
Associated with alterations to the microbiota, we
found significantly increased T,1 and T,17, along with
decreased Tregs, following OSA. A high-salt diet has
also been shown to alter the gut microbiota and induce
gut inflammation.*®-4° High-salt-induced alterations to
the gut microbiota led to increases in immunogenic
isolevuglandin adducts in antigen-presenting cells and
subsequent T-cell activation.*® Additionally, transfer of
the microbiota from high-salt fed mice to germ-free
mice resulted in gut inflammation and hypertension,
demonstrating that gut inflammation was secondary
to the effects of high salt on the gut microbiota.*® We
and others have also demonstrated pathophysiological
alterations in the gut of the SHR and stroke-prone SHR
models of hypertension, including gut dysbiosis, bar-
rier disruption, and inflammation,34:87:41.50-55 |ntriguingly,
signs of gut inflammation and barrier disruption have
been reported in prehypertensive SHRs, suggesting
gut inflammation may precede and trigger the eventual
systemic inflammation contributing to hypertension.®”
Finally, patients with hypertension exhibit elevated cir-
culating T,,17 cells expressing markers for gut homing,
which was associated with elevated markers of gut
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barrier disruption.®® Altogether, these findings support
the idea that gut inflammation is a key component in
multiple models of hypertension.

The second major finding of our studies is that
OSA-induced hypertension is associated with neuroin-
flammation, characterized by decreased Tregs and el-
evated T, 17 cells. Neurogenic models of hypertension,
including OSA and SHR, exhibit increased sympathetic
outflow that is thought to play a key role in the initia-
tion and maintenance of elevated BP.?%% In the con-
text of OSA, the increased sympathetic outflow has
classically been attributed to augmented carotid body
chemosensory discharge in response to intermittent
hypoxia.®” However, in recent years, neuroinflammation
has also been shown to contribute to elevated sym-
pathetic output and subsequent hypertension.29:58:59
Hypertensive animal models have elevated proinflam-
matory cytokines in cardiovascular-regulating brain re-
gions.t%-62 Furthermore, central administration of the
proinflammatory cytokine interleukin-18 or TNF-a lead
to elevated sympathetic activity and BP in animal mod-
els.%364 Conversely, central administration of the anti-
inflammatory cytokine interleukin-10 or minocycline, an
anti-inflammatory agent, reduces neuroinflammation
and BP.5'8 These findings support the idea of neu-
roinflammation as causal, rather than consequential, in
these models of hypertension.

Given the observed elevations in T,;17 cells in the
gut and brain of OSA rats, we examined the role of
interleukin-17a in OSA-induced hypertension. We show
that neutralization of interleukin-17a reduced gut and
brain inflammation as well as prevented the develop-
ment of hypertension. Interleukin-17a has been shown
to induce a proinflammatory response in other T cells,
dendritic cells, endothelial cells, and macrophages/mi-
croglia. Recently, interleukin-17a has been implicated in
many inflammatory and autoimmune diseases, includ-
ing rheumatoid arthritis, multiple sclerosis, and hyper-
tension.'43666:87 |n response to angiotensin Il infusion,
interleukin-17a~- mice exhibit significantly blunted BP
elevations.®® Similar to our finding, neutralization of
interleukin-17a lowers BP in the SHR and angiotensin
Il infusion models.?*688° The mechanisms by which
interleukin-17a contributes to hypertension have largely
focused on the vasculature and kidney.%® In the vas-
culature, interleukin-17a contributes to decreased nitric
oxide synthesis, hypertrophic remodeling, and arterial
stiffening.5870 In the kidney, interleukin-17a has been
shown to regulate sodium transporters, leading to so-
dium and water retention and subsequent elevations in
BP.2659 Qur findings demonstrate that interleukin-17a
contributes to OSA-induced neuroinflammation and
hypertension. Similarly, Cao et al. showed that intra-
venous administration of interleukin-17a resulted in
elevated BP, microglia activation in hypothalamic para-
ventricular nucleus, and increased renal sympathetic
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nerve activity. These responses to interleukin-17a were
markedly attenuated by delivery of an interleukin-17a
receptor small interfering RNA to the hypothalamic
paraventricular nucleus.”" Given the increasing ev-
idence supporting neuroinflammation as a key com-
ponent of hypertension, further understanding of the
effects of interleukin-17a in neurogenic hypertension is
needed.

The third major finding of our study is that OSA in-
duces an efflux of T cells from the gut, some of which
traffic to the brain. Historically, the brain has been con-
sidered a site of immune privilege. However, recent
studies demonstrate that immune cells activated in the
periphery can traffic to and invade the brain, thereby
contributing to inflammatory neurological diseases.'®
One such site of peripheral immune cell activation is
the gut-associated lymphoid tissue, which includes
the Peyer’s patches. Immune cells that are activated in
the gut and then traffic to brain constitute 1 pathway
of the “gut-brain axis.” We demonstrate that following
OSA, T, cells originating in Peyer’s patches track to the
brain. After 1 week of OSA, we identified T,;1, T,,2, and
T,17 cells that had tracked from gut to brain. Similarly,
trafficking of gut-derived immune cells to the brain has
been described in multiple sclerosis. The observation
that germ-free and antibiotic-treated mouse models
of multiple sclerosis failed to develop central nervous
system—targeted autoimmunity suggested a role for
the gut microbiota.t4727 Subsequent studies have re-
vealed that segmented filamentous bacteria contribute
to activation of T,,17 in the gut, which then enter the cir-
culation and migrate to the brain by adhesion of a4£1
integrin to vascular cell adhesion protein 1 expressed
on the brain endothelium.®67 Alternatively, Bacteroides
fragilis has been shown to promote activation of Tregs
that traffic to the brain and have protective effects in
models of demyelinating disease.”®">"" Trafficking of
immune cells to the brain has also been described
following stroke. Studies by Benakis et al’® and Singh
et al”® demonstrated that gut-derived immune cells
traffic to the meninges and peri-infarct region of the
brain following stroke. Our studies demonstrate a role
for gut-derived immune cells in OSA-induced neuroin-
flammation and hypertension. Further studies to exam-
ine the signals involved in immune cell activation in the
gut wall, and trafficking to the brain is needed.

Our study has several limitations; first, our study ex-
amines the effects of OSA and gut dysbiosis only on
young male rats. Sex and age have both been shown
to influence the makeup of the microbiota, and these
clinically relevant variables will need to be investigated.
Second, the signals from the microbiota that influence
T-cell activation in the gut were not investigated. Third,
the mechanisms involved in tracking of gut-derived im-
mune cells to the brain remain unknown. Finally, we ac-
knowledge that the sample sizes in these experiments
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prohibit the ability to check whether the assumption of
normality is reasonable.
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Figure S1. Measures of alpha diversity from sham and OSA cecal microbiota.
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Following two weeks of sham or OSA, 16S rRNA sequencing of cecal content was performed. No significant differences
were observed in measures of alpha diversity, including observed OTUs (A), Shannon diversity (B), Simpson diversity (C),
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Figure S2. Inflammatory response to OSA in mesenteric lymph node, spleen, and aorta.
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Figure S3. Effect of IL-17a neutralization and OSA on inflammation in MLN, spleen, and aorta.
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Effects of IL-17a neutralization on Tregs, THl, Tu17, TNFa+, and macrophages in MLN (A) spleen (B), and aorta (C) of
sham and OSA rats. n=6; ****p<0.0001 using two-way ANOVA with Tukey’s multiple comparisons test. Error bars
represent £+ SEM. OSA: obstructive sleep apnea, MLN: mesenteric lymph node.
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