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We have previously shown that effector memory (TEM) cells accumulate in the

bone marrow (BM) and the kidney in response to L-NAME/high salt challenge. It

is not well understood if measures to block the exodus of that effector memory

cells prevent redistribution of these cells and protect from hypertension-

induced renal damage. We hypothesized that that effector memory cells

that accumulate in the bone marrow respond to repeated salt challenges

and can be reactivated and circulate to the kidney. Thus, to determine if

mobilization of bone marrow that effector memory cells and secondary

lymphoid organs contribute to the hypertensive response to delayed salt

challenges, we employed fingolimod (FTY720), an S1PR1 functional

antagonist by downregulating S1PR, which inhibits the egress of that effector

memory cells used effectively in the treatment of multiple sclerosis and

cardiovascular diseases. We exposed wild-type mice to the L-NAME for

2 weeks, followed by a wash-out period, a high salt diet feeding for 4 weeks,

a wash-out period, and then a second high salt challenge with or without

fingolimod. A striking finding is that that effector memory cell egress was

dramatically attenuated from the bone marrow of mice treated with

fingolimod with an associated reduction of renal that effector memory cells.

Mice receiving fingolimod were protected from hypertension. We found that

wild-type mice that received fingolimod during the second high salt challenge

had amarked decrease in the renal damagemarkers. CD3+ T cell infiltration was

significantly attenuated in the fingolimod-treated mice. To further examine the

redistribution of bone marrow that effector memory cells in response to

repeated hypertensive stimuli, we harvested the bone marrow from

CD45.2 mice following the repeated high salt protocol with or without

fingolimod; that effector memory cells were sorted and adoptively

transferred (AT) to CD45.1 naïve recipients. Adoptively transferred that

effector memory cells from mice treated with fingolimod failed to home to

the bone marrow and traffic to the kidney in response to a high salt diet. We

conclude that memory T cell mobilization contributes to the predisposition to

hypertension and end-organ damage for prolonged periods following an initial

OPEN ACCESS

EDITED BY

Ji-Bin Peng,
University of Alabama at Birmingham,
United States

REVIEWED BY

Alexandra Lucaciu,
University Hospital Frankfurt, Germany
Ningjun Li,
Virginia Commonwealth University,
United States

*CORRESPONDENCE

Hana A. Itani,
hanaitani@icloud.com

SPECIALTY SECTION

This article was submitted to Renal
Physiology and Pathophysiology,
a section of the journal
Frontiers in Physiology

RECEIVED 28 April 2022
ACCEPTED 17 August 2022
PUBLISHED 07 September 2022

CITATION

Itani MM, Jarrah H, Maaliki D, Radwan Z,
Farhat R and Itani HA (2022),
Sphingosine 1 phosphate promotes
hypertension specific memory T cell
trafficking in response to repeated
hypertensive challenges.
Front. Physiol. 13:930487.
doi: 10.3389/fphys.2022.930487

COPYRIGHT

© 2022 Itani, Jarrah, Maaliki, Radwan,
Farhat and Itani. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Physiology frontiersin.org01

TYPE Original Research
PUBLISHED 07 September 2022
DOI 10.3389/fphys.2022.930487

https://www.frontiersin.org/articles/10.3389/fphys.2022.930487/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.930487/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.930487/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.930487/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.930487/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.930487&domain=pdf&date_stamp=2022-09-07
mailto:hanaitani@icloud.com
https://doi.org/10.3389/fphys.2022.930487
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.930487


episode of hypertension. Blocking the exodus of reactivated that effector

memory cells from the bone marrow protects the kidney from

hypertension-induced end-organ damage.

KEYWORDS

inflammation, memory T cells, S1PR1, memory T-lymphocytes trafficking, kidney,
hypertension

Introduction

Being one of the most seriously debilitating medical

conditions, hypertension has been among the most studied

topics. According to Imperial College London and the World

Health Organization’s (WHO) first comprehensive global

analysis of trends in hypertension, the number of hypertensive

patients increased from 648 million in 1990 to 1.296 billion in

2019 (NCD Risk Factor Collaboration NCD-RisC, 2021). In the

United States, nearly half of the adults (116 million) are

hypertensive, with systolic or diastolic blood pressure equal to

or greater than 130/80 mmHg, based on the newly released

guidelines that redefined hypertension (Control CfD

Prevention, 2019). High blood pressure continues to be the

greatest single risk factor contributing to global disease

burden and all-cause mortality. Statistically, hypertension is

responsible for 19.2% of deaths in 2015 due to cardiovascular

disease (CVD) comorbidities such as stroke, ischaemic heart

disease, other vascular diseases, and renal disease (Forouzanfar

et al., 2017).

Over the last decade, an extensive literature has developed to

understand the role of the immune system, especially adaptive

immunity, as a key contributor to the development of

hypertension. In response to hypertensive stimuli, specific

immune cells infiltrate the blood pressure-regulating organs

like the kidney and the vasculature and contribute to end-

organ damage (Drummond et al., 2019). Several researchers

have discovered that animals missing adaptive immune cells

exhibit attenuated hypertension in response to stimuli including

angiotensin II (ANG II), excessive salt, and norepinephrine,

while adoptive transfer of T cells restores the blood pressure

response to these stimuli (Drummond et al., 2019). This has been

highlighted by several studies, with a focus on the cytotoxic T

lymphocytes (CD8+) and T helper cells (CD4+) (Youn et al., 2013;

Itani et al., 2016a; Zubcevic et al., 2017). CD8+ cells influence

blood pressure by enhancing renal sodium and water

reabsorption and secreting cytokine Interferon γ (IFNγ) upon
kidney infiltration (Saleh et al., 2015; Liu et al., 2017) and by

promoting endothelial dysfunction upon vasculature infiltration

(Trott et al., 2014). Besides, we previously reported infiltration of

human leukocytes, including CD4+ cells, into the thoracic lymph

nodes, thoracic aorta, and kidneys in hypertensive humanized

mice (Itani et al., 2016a). A potential mechanism by which CD4+

cells contribute to hypertension is that these cells secrete

inflammatory cytokines IFNγ and Interleukin-17 (IL-17)

(Bestetti et al., 2019), as mice deficient in these cytokines

failed to secrete these cytokines and develop hypertension in

response to ANG II infusion (Madhur et al., 2010; Kamat et al.,

2015; Saleh et al., 2016).

A special hallmark of the adaptive immune system is the

immunological memory, in which a clone of antigen-specific

lymphocytes persists for a lifetime, protecting against repeated

antigenic exposure. When T lymphocytes encounter an antigen,

they initiate an immune response. After its elimination, effector

T cells die except for a few remaining cells, which become

memory T cells mounting immediate recall responses upon

re-exposure to the same antigen. Many existing studies in the

broader literature have examined subpopulations of memory

T cells: effector memory T cells (CD44hi CD62Llo) and central

memory T cells (CD44hi CD62Lhi). Effector memory T cells

(TEM) patrol between blood and peripheral tissues and have

immediate effector action.

On the contrary, the central memory T cells (TCM) are found

in secondary lymphoid organs, have little or no effector function,

but differentiate into effector cells in response to antigenic

stimulation. These cells have been extensively studied in

humans’ pathophysiological genesis of hypertension. To

illustrate, our previous data showed that in hypertensive mice,

memory T cells are important sources of IFNγ and IL-17A, and

these cells appear to trigger elevated blood pressure in response to

repeated hypertensive stimuli (Itani et al., 2016b). Similarly,

another study reported an increase in circulating memory

T cells in the blood of hypertensive mice (Itani et al., 2016a).

An extensively studied molecule in the pathology of

hypertension and its associated cardiovascular events is

sphingosine 1-phosphate (S1P). Although there is a need to

validate the S1P-blood pressure in humans, Jujic et al.

suggested the therapeutic potential of S1P as a diagnostic

biomarker in a translational approach (Jujic et al., 2021). A

closer look at the literature on T lymphocyte recirculation in

hypertensive models reveals the role of bioactive lipid molecules

S1P and S1PR1 (Don-Doncow et al., 2019). Drouillard et al.

claimed that T cells’ migratory behavior depends on the

interaction between S1P and sphingosine 1-phosphate

receptors 1 and 2 (S1PR1-2) with higher affinity towards

S1PR1 (Drouillard et al., 2018). Another study showed the

importance of S1PR1 in migrating T cells from the secondary

lymphoid organs. Loss of expression on CD4 and CD8 splenic

T cells from THI- and DOP- treated mice blocked the cell’s

migration in response to S1P (Schwab et al., 2005). In mammals,
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S1P molecules are compartmentalized with a high concentration

in blood and lymph while undetectable in lymphoid organs. This

S1P gradient and S1PR1 expression levels are particularly

important for the egress of T cells into blood by S1PR1-

dependent sensing of S1P gradients, causing the lymphocyte

to egress from the secondary lymphoid organs into the systemic

circulation (Matloubian et al., 2004; Schwab et al., 2005). Once in

circulation, the interaction between S1P molecules and

S1PR1 enhances ligand-receptor internalization and breaks the

S1P and S1PR1 gradient, causing the T cells to bypass the S1P-

dependent attraction to blood (Sasset and Di Lorenzo, 2022). S1P

has a physiological function in immunemodulation that has been

unraveled by elucidating the mechanism of Fingolimod

(FTY720), effective treatment for multiple sclerosis and

cardiovascular diseases (Lucaciu et al., 2020a).

Pharmacologically, FTY720 is a safe and effective second-line

therapeutic agent to treat multiple sclerosis, a chronic auto-

immune disease, by diminishing annualized relapse rate, risk

of disability progression and inflammatory activity of relapsing

MS (Fazekas et al., 2013; Behjati et al., 2014). In addition to its

effect on inflammatory responses and immune cells, FTY720 has

protective effect on the cardiovascular system, for examples, it

improves the cardiac function and lowers blood pressure (Camm

et al., 2014; Ahmed et al., 2019). Therefore, here in, FTY720 was

taken as a be a key pharmacological agent to block memory

T cells in hypertensive mice. When taken on a long-term basis,

Fingolimod causes S1PR1 to be internalized and degraded,

making it a “functional antagonist.” Fingolimod acts as a

prodrug, which is intracellularly phosphorylated, binding to

all S1PRs except for S1PR2 with a preference for S1PR1

(Cartier and Hla, 2019; Lucaciu et al., 2020a). As a result,

fingolimod depletes lymphocytes in the peripheral circulation

and sequesters them in secondary lymphoid organs.

Interestingly, Dominguez-Villar et al. reported an important

immunomodulatory function of fingolimod besides altering

T cell trafficking. The data imply that fingolimod changes the

T cells’ phenotype into an exhausted-like phenotype,

characterized by reduced IL-17 and IFN-γ expression

(Dominguez-Villar et al., 2019).

Interestingly, when fingolimod was approved as an effective

treatment for multiple sclerosis, diverse cardiovascular events

started to be reported suggesting a link between the role of S1P

signaling and BP regulation. A novel study supported this point

and reported S1Pmolecules as systemic blood pressure regulators

via S1PR1–S1P–eNOS autocrine signaling (Cantalupo and Di

Lorenzo, 2016). Besides, intravenous treatment of

FTY720 caused a transitory drop in heart rate (HR) and

blood pressure (BP) in anesthetized rats and humans during

phase 3 clinical trials (Intapad, 2019). Having a role in

immunomodulation and hypertension regulation, there is a

need to study the mechanisms by which fingolimod regulates

blood pressure by controlling immune cell trafficking.

To our knowledge, the best-known fingolimod mode of

action is the blockade of TCM cells in the lymph node without

impairing the circulation of TEM cells. This strategy prevents the

production of new self-reactive lymphocyte clones that sustain

the disease while maintaining pathogen defense (Balandina et al.,

2005). For this study, it was of interest to identify the molecular

mechanisms by which memory T cells contribute to

inflammation and hypertension in response to repeated high

salt stimuli. Herein, we hypothesized that S1PR1 plays an

essential role in the egress of TEM cells from the bone marrow

to the kidney and that pharmacological blockade of S1PR1 by

fingolimod prevents renal damage and hypertension onset in

response to repeated high salt stimuli. Therefore, we aimed to

determine the role of T cell S1PR1 in hypertension in response to

repeated hypertensive challenges. We successfully analyzed the

role of S1PR1 in hypertension-induced end-organ damage by

detecting secreted pro-inflammatory cytokines secreting

memory T cells infiltrating the kidney. Moreover, we highlight

the role of S1PR1 in the reactivation and redistribution of TEM

cells in response to repeated antigenic exposure through the

employment of the adoptive transfer protocol.

Methods

Animals and study design

Animals were housed at the American University of Beirut

(AUB) Animal Care Facility (ACF). The mice were housed at

25°C on a 12 h light/dark cycle throughout the study. Mice had

access to water ad libitum and maintained a regular Teckled diet.

All procedures were approved by the Animal Care Facility

Animal Ethics Committee and conducted according to the

IACUC Guidelines for the Ethical Use of Animals in research,

AUB (16 July 2018). All experimental procedures and analysis

were done.

CD45.2 wild-type (WT) male C57BL/6 mice were purchased

from Jackson Laboratories and studied at 12 weeks. For this

study, a minimum number of 6 WT mice were randomly

assigned and used per group. WT mice received the L-NAME

+ HS1+HS2 protocol with and without fingolimod (fingolimod).

Briefly, all mice at 12 weeks of age received L-NAMEN(G)-Nitro-

L-arginine methyl ester (L-NAME) 0.5 mg/ml (Cayman) in the

drinking water for 2 weeks high-salt protocol (L-NAME/HS1) as

previously described (Machnik et al., 2009). Then mice were

shifted to regular drinking water for 2 weeks, referred to as the

washout period (WO). Following that, the mice were fed high salt

diet (4% NaCl, Harlan, United States) for 4 weeks and then

shifted to the WO period. Finally, the mice were fed for the

second time high salt diet (4% NaCl, Harlan, United States) over

4 weeks, during which 6 of them received the fingolimod

treatment every other day. Treated groups of the mice
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received fingolimod (1 mg/kg) IP every other day during this

time compared to six control mice infused with saline.

The mortality rate was 0, and none of the mice died

throughout the protocol until the day of the sacrifice.

Blood pressure measurements

Invasive method (Radiotelemetry): Blood pressure was

measured invasively using radio-telemetry for WT mice. Mice

were given 2 weeks to recover after telemetry implantation before

beginning the LNAME/high salt protocol with and without

fingolimod treatment. Previous data show the BP throughout

the LN-NAME + HS1 protocol (Itani et al., 2016b). Thus, and to

preserve the battery, telemetric blood pressure measurements

were recorded at the end of the HS2 throughout the treatment of

fingolimod (Stellar Telemetry, TSE Systems, United States) as

described previously (Muntner et al., 2018).

Non-invasive method (Tail-cuff method): In addition to that,

a non-invasive method, through the BP-2000 Blood Pressure

Analysis System™, was utilized. Initially, we gave the mice about

a week to adapt to the machine before taking baseline readings.

After that, we measured the blood pressure of WT mice and

CD45.1 mice thrice per week after a successful adoptive transfer.

Renal damage assessment

Kidney damage was evaluated inWTmice towards the end of

the LNAME + HS1 + HS2 ± fingolimod protocol. After the

sacrifice, one of the two isolated kidneys was dissected into two

equal parts. The first half was used for immunohistochemical

analysis of CD3+ T-cells expression in mice kidney tissue. While

the other half was used to quantify the levels of NGAL, which is a

marker for renal damage.

Immunohistochemistry and Imaging:Harvested kidneys were

fixed with formaldehyde and cross-sectionally sectioned into

5 μm slides for staining. 10% formalin-fixed, paraffin-

embedded tissue sections of kidneys were sectioned at five-

um thickness. For anti-CD3 staining: Slides were

deparaffinized. Heat-induced antigen retrieval was performed

using the Epitope Retrieval two solution for 10 min. Slides were

incubated with a monoclonal rabbit anti-mouse CD3 antibody

(anti-CD3 (ab16669, Abcam, Cambridge, MA) at a 1:250 dilution

for 60 min. The Bond Polymer Refine Detection system was used

for visualization. Slides were then dehydrated, cleared, and

coverslipped. Quantification of CD3 positive cells in the renal

cortex was conducted by Image J software.

Quantitative Real-time PCR for NGAL Expression Analysis:

Total RNA was extracted from half a kidney harvested from each

mouse in the two groups (±fingolimod) using Trizol (15596018).

The extracted RNA was quantified and reverse transcribed into

cDNA using the High Capacity cDNA Reverse Transcription kit

(Applied Biosystems, Foster City, CA, United States) following

the manufacturer’s instructions. To detect NGAL mRNA

expression, RT-qPCR (BioRad CFX384 Real-Time System,

C1000 thermal cycler, Hercules, CA, United States) was

carried out for each sample in duplicates, using 2x SensiFAST

SYBR No-ROX Mix (Bioscience, Cincinnati, OH, United States),

following the manufacturer’s instructions. The cycling

conditions were 2 min at 95°C, then 40 cycles of 5 s at 95°C

(denaturing step) and 60 s at 60.3°C (annealing and extension

steps). GAPDH was used as an endogenous control. Therefore,

the relative expression of NGAL was normalized to the chosen

endogenous control and was compared to that group of mice that

did not receive fingolimod treatment. ΔΔCt method was used to

calculate the relative fold change of expression. The primers were

obtained from Macrogen (Seoul, Republic of Korea).

Flow cytometry analysis

Single-cell suspensions of the bone marrow and kidney from

WT (L-NAME + HS1 + HS2 ± fingolimod) and CD45.1 mice

were prepared as previously described (Saleh et al., 2015).

Kidneys were mechanically dissociated using a gentleMACS C

tube (Miltenyi Biotech, Bergisch Gladbach, Germany) in

combination with a gentleMACS dissociator system (Miltenyi

Biotech, Bergisch Gladbach, Germany), followed by incubation

at 37°C for 20 min with collagenase D (Roche Diagnostics,

Mannheim, Germany) (2 mg/ml) and DNAse I (Roche

Diagnostics, Mannheim, Germany) (100 μg/ml) in RPMI

1640 medium with 5% FBS while being gently rotated in a

hybridization oven. Kidney homogenates were filtered through

70 μm cell strainers. Percoll™ PLUS (GE Healthcare, Upsala,

Sweden) subjected the resultant cell suspensions to gradient

centrifugation. Cells were isolated from the Percoll interface

and washed in cold PBS. As for the bone marrow tissue, the

cells were isolated from the Tibias and femurs of mice into RPMI

1640 media by centrifuging the bones at 17,7750 x G for 5 min

and then filtered through 40 µm strainers. Red blood cells were

osmotically ruptured by RBC lysis buffer (Invitrogen, Van Allen

Way, Carlsbad, CA, United States). Isolated cells were washed in

cold PBS. After that, one million cells were counted using trypan

blue and assigned for flow cytometry analysis, while the

remaining cells were used to isolate T cells, as mentioned

previously. 10 million cells were counted using trypan blue for

the adoptive transfer.

Extracellular staining: Single-cell suspensions were washed

and stained LIVE/DEAD® Fixable Violet dead cell stain

(Invitrogen, Eugene, OR, United States). The following

antibodies and fluorophores were used: Brilliant Violet 510

(BV510)-conjugated anti-CD45 antibody, peridinin

chlorophyll protein-cyanin-5.5 (PerCP-Cy5.5)-conjugated anti-

CD3 antibody, allophycocyanin-cyanin-7 (APC-Cy7)-

conjugated anti-CD4 antibody, phycoerythrin-cyanin-7(PE-
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Cy7)-conjugated anti-CD8a antibody, APC-conjugated anti-

CD44 antibody, and PE-conjugated anti-CD62L antibody, and

FITC anti-F4/80 (BioLegend, San Diego, CA, United States).

Before analysis, we add 50 µL of 1,2,3 count eBeadsTM counting

beads (Invitrogen, Van Allen Way, Carlsbad, CA, United States)

to each sample, except for the cells isolated from the bone

marrow. Samples were run on a BD FACS Aria SORP cell

sorter and analyzed using FlowJo software V10 (Tree Star

inc.). Gates were identified using fluorescence minus one

(FMO). Results were normalized using the bead count and

expressed as a number of cells per kidney. All lymphocyte

subpopulations (CD4+, CD8+) were quantified within the

CD45+CD3+ gate. Harvested T cells, including naïve cells,

TCM, and TEM, were quantified. The role of S1PR1 in TEM

cells trafficking from the bone marrow to the kidney in

response to a hypertensive stimulus was examined by

performing the adoptive transfer. After being fed the high salt

diet for 3 weeks, T cells adoptively transferred from CD45.2 mice,

expressing either free S1PR1 or pharmacologically blocked

S1PR1 by FTY620, were examined in the kidney and bone

marrow of CD45.1 recipient mice. Intracellular staining:

Kidney cell suspensions were prepared as previously

described. Cells were washed and stained first with LIVE/

DEAD® Fixable Violet dead cell stain (Invitrogen, Eugene,

OR, United States). Intracellular staining was then performed

with the Fix and Perm Cell Permeabilization kit (life

technologies) following the manufacturer’s instructions and

using FITC conjugated anti–IFN-γ antibody (eBioscience,

clone XMG1.2) and anti IL17. The following surface

antibodies were then added for 30 min: Brilliant Violet 510

(BV510)-conjugated anti-CD45 antibody, peridinin

chlorophyll protein-cyanin-5.5 (PerCP-Cy5.5)-conjugated anti-

CD3 antibody, allophycocyanin-cyanin-7 (APC-Cy7)-

conjugated anti-CD4 antibody, phycoerythrin-cyanin-7(PE-

Cy7)-conjugated anti-CD8 antibody, APC-conjugated anti-

CD44 antibody (Biolegend San Diego, CA, United States).

T cell isolation and adoptive transfer

In adoptive transfer experiments, WT mice (CD45.2 donors,

Jackson Laboratories) were subjected to the L-NAME +

HS1+HS2±fingolimod protocol described above. Towards the

end of the protocol, T cells were isolated from the bone marrow

using Pan T Cell Isolation Kit II mouse (Miltenyi Biotech,

Bergisch Gladbach, Germany) and negative magnetic sorting

through MidiMACS™ Separator from Miltenyi Biotech. Sterile

and highly enriched T cells were obtained. 10 million cells were

suspended in 1.5 ml saline solution and transferred to the

CD45.1 recipient mice through tail vein injection. The mice

were left to recover for 1 week, in which they were fed a normal

diet, followed by 3 weeks of a high salt diet (4%NaCl, Harlan,

United States). At the end of all experiments, the mice were

sacrificed by CO2 inhalation. Blood pressure was measured non-

invasively using the same protocol as mentioned above. Similarly,

single-cell suspension of bone marrow and kidney from

CD45.1 recipient mice were stained for CD4+ and CD8+, TEM,

and TCM cells, as mentioned in the flow cytometry analysis

(extracellular staining).

Statistics: All statistical analysis was completed using

GraphPad Prism version 8.0.0 (California, United States).

Data are presented as mean ± standard error of the mean

(SEM). For repeated measures, 2-way ANOVA was used to

analyze blood pressure measurements. Two-way ANOVA was

used to compare experiments involving a 2 × 2 design. Newman-

Keuls or Holm-Sidak posthoc tests were employed for individual

comparisons within this 2 × 2 design. Mann Whitney

comparison followed by a Bonferroni correction was used

when unequal variances between groups. p values less than or

equal to 0.05 were considered significant.

Results

Fingolimod reduces hypertension

C57BL/6 mice were divided into two groups and placed on

L-NAME + HS1 + HS2. One group of mice received fingolimod

(FTY720,1 mg/kg) IP every other day during the second HS2 period

(L-NAME/HS1HS2 ± fingolimod). This model permits repeated

hypertensive challenges without surgical interventions and

recapitulates salt-sensitive hypertension common in humans

(Figure 1A). To determine the role of T cell S1PR1 in

hypertension in response to repeated hypertensive challenges, tail-

cuff BP measurement showed that the systolic blood pressure

increases gradually upon the administration of L-NAME and

returns to baseline when L-NAME is discontinued. The BP

increased again with high salt (HS1) and returned to the baseline

at the second WO period; remarkably, the group receiving the high

salt diet (HS2) alone showed an increase in BP, but the group that

received fingolimod upon the second exposure to high salt (HS2) was

protected from developing hypertension (Figure 1B). Similarly,

telemetric blood pressure recordings on day 90, showed a

significant increase in the blood pressure (p-value 0.04) of the

mice that did not receive fingolimod in comparison to those that

received fingolimod injections every other during the HS2 phase

(SBP = 130.9130.9 mmHg vs. 113.5 mmHg, respectively). Therefore,

the mice receiving fingolimod were protected from developing a

hypertensive response (Figure 1C).

Fingolimod reduces renal inflammation
and prevents renal damage

Studies showed that CD4+ and CD8+ TEM cells increase in the

kidney following L-NAME/high salt exposure and are responsible
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for producing injurious cytokines, including IL-17 and INFγ
(Itani et al., 2016b). Here, we hypothesized that S1PR1 plays an

essential role in the egress of TEM cells from the bone marrow to

the kidney and that S1PR1 pharmacological blockade via

fingolimod prevents renal damage. In our gating strategy, we

drill down from live singlets and stain for CD45+, CD3+, CD8+,

and CD4+ T cells, particularly for TEM cells characterized by

CD44hi CD62LLo surface markers and TCM cells which are

characterized by CD44hi Cd62Lhi surface markers (Figure 2A).

Results of flow cytometry analysis showed that mice fed a high

salt diet had a significantly higher level of CD8+ and CD4+ TEM

and TCM cells infiltration to the kidney, an effect that is

completely abrogated in the presence with fingolimod

(p-values: CD8+ TTEM 0.004; CD8+ TTCM <0.0001; CD4+ TTEM

0.0056; CD4+ TTCM 0.0002) (Figures 2B–E). Flow cytometry

results assure that S1PR1 pharmacological blockade inhibits

the infiltration of TEM cells to the kidney and thus protects

from renal inflammation.

Furthermore, kidney slides were stained with anti-CD3 antibody,

and renal NGAL expression was detected to assess renal damage.

Immunostaining with anti-CD3 revealed a striking renal infiltration

of T cells in response to the LNAME + HS1+HS2 protocol, which

was completely prevented by fingolimod (p-value < 0.0001), as

shown in the representative microscopic images (Figure 3A) and

related histograms (Figure 3B). Another criterion was adopted to

assess kidney dysfunction: detecting the level of renal NGAL

expression. Increased levels of NGAL have been linked to

measurable damage in the loop of Henle and distal convoluted

tubule, suggesting that it may have a predictive ability for kidney

malfunction (De Silva et al., 2016). Thus, to further verify the

protective role of fingolimod against renal damage in response to

repeated salt exposure, NGAL expression levels were measured in

both studied groups (L-NAME + HS1 + HS2 ± fingolimod). This

analysis showed significant downregulation (p-value 0.0087) in the

relative expression of NGAL in kidney organs isolated frommice that

received fingolimod injections during the HS2 phase compared with

mice that did not receive fingolimod injections (Figure 3C).

Fingolimod controls memory T cells
trafficking

Recent studies showed that some TEM cells escape apoptosis

following an initial hypertensive stimulus and remain in a

FIGURE 1
Fingolimod protects the mice from developing hypertension after exposure to the same hypertensive stimulus (high salt diet). (A) Experimental
paradigm: summary of the protocol followed describing the diet fed to the mice at each phase during the experiment. (B) Systolic blood pressure of
consciousmice that received L-NAME+HS1+HS2±fingolimodwasmeasured using the non-invasive tail-cuff method. (C) Systolic blood pressure of
consciousmice that received L-NAME+HS1+HS2±fingolimodwasmeasured using the invasive radiotelemetrymethod. N= 6–10mice/group.
Results are presented as mean ± SEM. p-value calculated by 2-way Anova test. *p < 0.05.

Frontiers in Physiology frontiersin.org06

Itani et al. 10.3389/fphys.2022.930487

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.930487


quiescent state in the bone marrow. In addition, Itani et al.

demonstrated a 1.8-fold increase in CD4+ TEM cells and a 3-fold

increase in CD8+ TEM cells in the bone marrow following the

L-NAME/high salt exposure (Itani et al., 2016b). Flow cytometry

was performed to determine if effector memory cells are

reactivated in response to a moderate hypertensive stimulus

like salt. Fingolimod was able to block the exodus of these

cells from BM following high salt activation single-cell

suspensions from bone marrow from four groups of mice.

One group received a normal diet, the other was exposed to

L-NAME/high salt protocol, while the remaining two groups

received the L-NAME + HS1 + HS2 ± fingolimod as previously

explained. Interestingly, CD8+ CD44hi CD62Llo TEM cells

increase by 2 × 103 folds in response to L-NAME + HS1 +

HS2. This increase is even more significant in the presence of

fingolimod compared to the group that did not receive

fingolimod (p-value 0.0275) and reaches around 3 × 103 folds

(Figure 4A). On the other hand, a significant decrease in CD8+

CD44hi CD62Lhi TCM was reported in the group that received

fingolimod (p-value 0.0074) (Figure 4B). CD4+ CD44hi CD62Llo

TEM cells increase significantly with L-NAME + HS1+HS2 and

decrease with fingolimod (p-value 0.0102) (Figure 4C). No

significant change was shown in CD4+ CD44hi CD62Lhi TCM

following L-NAME + HS1+HS2 in the presence or absence of

fingolimod (p-value 0.8501) (Figure 4D). These results assure the

role of fingolimod in locking CD8+ TEM cells but no other cells in

the bone marrow. This indicates that blocking the

S1PR1 receptor by fingolimod traps CD8+ effector memory

cells in the BM and inhibits the recirculation into peripheral

organs.

It has been demonstrated that effector memory cells are a

major source of inflammatory cytokines, specially IFN-γ and IL-

17A, in the kidney following L-NAME/HS stimulation (Itani

et al., 2016b). Hence, we sought to determine if TEM cells within

the BM are responsible for producing injurious cytokines and if

the S1PR1 blockade by fingolimod prevents the release of these

inflammatory cytokines. Results of intracellular staining showed

a significant decrease in the secretion of IL-17 by CD4+ and CD8+

effector memory cells isolated from mice injected with

fingolimod compared to those not injected with fingolimod

FIGURE 2
S1PR1 pharmacological blockade, via fingolimod, inhibited renal inflammation and protected from renal injury in response to a high salt diet. (A)
Representative flow cytometric gating strategy of kidney single-cell suspensions showing the effect of L-NAME followed by high salt exposure on
total leukocytes (CD45+ expression), total T lymphocytes (CD3+), total CD8+ and CD4+ T cells, CD8+ and CD4+ CD44hi/CD62Llo (TEM cells) and
CD44hi/CD62Lhi (TCM cells). SSC-A indicates a side scatter area. (B–E) Summary of flow cytometric quantification of absolute numbers of
CD8+ and CD4+ TEM and TCM cells infiltrating the kidney in WT mice that received L-NAME + HS1+HS2±fingolimod. N = 9–16 mice/group.
Normally distributed data are expressed as mean ± SEM (panels B, C and D); not normally distributed data are expressed as median ± IQR (panel E)
(Supplementary table 1). p-values calculated by unpaired t-test were shown. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(p-value 0.0024 and 0.0017, respectively) (Figures 4E,G). As for

IFN-γ, no significant difference was reported between the two

groups (p-value 0.0881 and 0.1189, respectively) (Figures 4F,H).

Thus, intracellular staining indicated that IL-17A production,

not IFN-γ, was significantly abrogated in response to fingolimod

following the L-NAME + HS1 + HS2 protocol.

Fingolimod attenuates salt sensitivity

Itani et al. showed that repeated antigenic exposure

reactivates bone marrow-residing TEM cells. These cells exhibit

salt sensitivity when adoptively transferred from CD45.2 mice

that had undergone the L-NAME/high salt protocol into naive

recipient CD45.1 mice exposed to a high salt diet for 3 weeks. We

performed the adoptive transfer to study the effect of

S1PR1 pharmacological inhibition, through fingolimod

injections, on the reactivation and redistribution of bone

marrow-residing TEM cells to the kidney in response to a

moderate hypertensive stimulus. Bone marrow TEM cells from

CD45.2 mice were harvested, sorted, and then adoptively

transferred to CD45.1 naïve recipients. The mice were fed a

high salt diet of 4% NaCl for 3 weeks (Figure 5A). Tail cuff BP

recordings showed that CD45.1 mice receiving TEM cells from

mice exposed to L-NAME + HS1+HS2+fingolimod did not

exhibit salt sensitivity and thus were protected from

developing hypertension in response to the HS diet (Figure 5B).

In contrast, the group receiving T cells from donors exposed

to the L-NAME + HS1 + HS2-fingolimod protocol showed BP

elevation more significantly than those who received T cells from

mice exposed to L-NAME + HS1+HS2+fingolimod (SBP =

130 mmHg vs. 111.3 mmHg, p-value 0.0167) (Figure 5B). We

also measured CD4+ and CD8+ TEM cells accumulation in the

kidney of recipient mice; interestingly, CD8+ and CD4+ TEM cells

FIGURE 3
Fingolimod protects renal tissue from injury in mice following L-NAME + HS1+HS2±fingolimod protocol. (A) Immunohistochemical analysis of
CD3+ T-cells expression in mice kidney tissue after receiving L-NAME + HS1+HS2±fingolimod. (B) Dot plot showing the percentage of CD3+ area in
the renal tissue of themice following L-NAME+HS1+HS2±fingolimod protocol. N = 5mice/group. (C) Fold change of expression of NGAL relative to
GAPDH in the kidney of mice that received L-NAME + HS1+HS2±fingolimod. N = 6 mice/group. Data are expressed as mean ± SEM. p-values
calculated by unpaired t-test were shown. **p < 0.001, ***p < 0.0001.
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accumulation was significantly higher in the kidney of the group

receiving T cells from donors exposed to L-NAME + HS1+HS2-

fingolimod (p-value: 0.0041 and 0.0440, respectively) (Figures

5C,D). Surprisingly, when analyzing the TEM cells population of

the CD45.1 mice bone marrow, a significant accumulation of

CD4+ TEM cells was shown in mice that received T cells from

donors that were not injected with fingolimod (p-value <0.0001)
(Figure 5F). Therefore, the CD4+ TEM cells did not traffic back to

the bone marrow.

Discussion

In our previous study, we found clear support for the role of

TEM cells in elevating blood pressure, triggering renal damage,

and increasing susceptibility to moderate hypertension after an

initial hypertensive challenge (Itani et al., 2016b). TEM cells

sensitive to hypertension may persist in the bone marrow,

waiting for recurring periods of hypertension, including

emotional stress, catecholamine surges in sleep apnea, or

repeated bouts of excessive salt consumption. The results of

this study go beyond previous reports, highlighting the role of

sphingosine 1-phosphate receptor 1 (S1PR1) in trafficking TEM

cells between the bone marrow and kidney upon exposure to

hypertensive stimuli. Overall, we showed that pharmacological

blockade of the S1PR1 expressed by the TEM cells locks this

population in the bone marrow and weakens the severity of

hypertension and kidney damage. These results show that TEM

cells exhibit salt sensitivity for a prolonged time and

S1PR1 blockade by fingolimod inhibits this characteristic.

We adopted the mouse model of L-NAME, followed by

high salt feeding, regarding the experimental models. The

findings of two long-term studies that looked at the

prevalence of cardiovascular events or mortality in patients

with salt-sensitive hypertension provided strong evidence

that salt-sensitive hypertension is clinically significant

(Morimoto et al., 1997; Weinberger et al., 2001). Following

up with hypertensive patients revealed that participants with

FIGURE 4
Fingolimod locks CD8+ and CD4+ TEM and TCM cells in the bonemarrow and attenuates their secretion of inflammatory cytokines. (A–D) Flow
cytometric quantification of total CD8+ (A&B) and CD4+ (C&D) TEM and TCMsinglengel-cell suspensions of the bone marrow from WT mice
following the L-NAME+HS1+HS2±fingolimod protocol. N = 8–20mice/group. Normally distributed data are expressed asmean ± SEM (panel A&D);
not normally distributed data are expressed as median ± IQR (panel B&C) (Supplementary Table S2). (E–H) Intracellular staining showing the
levels of secreted IL-17 and IFN-γ by CD4+ and CD8+ effector memory cells isolated from mice that received L-NAME + HS1+HS2±fingolimod. N =
5 mice/group. All data are normally distributed expressed as mean ± SEM (Supplementary Table S3). p-values calculated by unpaired t-test were
shown. *p < 0.05, **p < 0.01.
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salt-sensitive hypertension experienced fatal or non-fatal

cardiovascular-related events twice more than those with

salt-resistant hypertension (Morimoto et al., 1997).

Therefore, we adopted the model of L-NAME followed by

high salt feeding. Although there is a variety of salt-sensitive

hypertensive animal models (Elijovich et al., 2016), the model

implemented in this study mimics salt-sensitive hypertension

among humans. By analyzing this hypertensive model, we

found evidence for the associations between changes in

dietary sodium intake, accumulation and activation of

immune cells in the kidneys and bone marrow, production

of IL-17A and IFN–γ, and potential development of salt-

sensitive hypertension (Itani et al., 2016b). These findings

align with previous results that closely link high blood

pressure and aberrant immune response (Drummond

et al., 2019).

Molecularly, the S1P signaling pathway was found to regulate

cell destiny, vascular tone, endothelial function and integrity, and

lymphocyte trafficking; hence any imbalance in its production or

signaling has been connected to the development of

hypertension. Most of the current evidence supports the

predominant role of S1P receptor type 1 (S1PR1), specifically

in BP homeostasis, by regulating the vascular tone (Cantalupo

et al., 2017) and kidney functioning (Koch et al., 2013; Li and

Zhang, 2016). Interestingly, S1PR1 is not only expressed in

cardiomyocytes, vascular smooth muscle cells, and endothelial

FIGURE 5
Fingolimod inhibits the recirculation and redistribution of TEM cells into the kidney in response to moderate hypertensive stimulation. (A)
Experimental paradigm: Summary of the protocol followed to study the effect of fingolimod on the recirculation and redistribution of TEM cells after
a moderate hypertensive stimulus. Bone marrow TEM cells from donor CD45.2 WTmice received L-NAME + HS1+HS2±fingolimod were adoptively
transferred to recipient CD45.1 mice. Recipient mice were then fed a high salt diet for 3 weeks (N = per group) (B) Tail-cuff systolic blood
pressure measurements were recorded throughout the whole protocol starting from the baseline (before adoptive transfer) and reaching the end of
the 3 weeks of high salt feeding. (C–F) After a successful AT, the levels of the transferred CD8+ and CD4+ TEM cells were measured in the kidney and
bone marrow of the recipient mice following high salt feeding. N = 6–11 mice/group. Data are expressed as mean ± SEM. p-values for the effect of
L-NAME/High Salt as calculated by unpaired t-test are shown. *p < 0.05,**p < 0.01, ****p < 0.0001.
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cells of cardiac vessels, but also on lymphocytes. Being expressed

on lymphocytes, S1PR1 directs T cells from the low S1P

environment in the lymphoid organs towards the blood with

a high S1P concentration (Lucaciu et al., 2020b). Thus, it plays a

role in T cell trafficking between organs. To determine the role of

S1PR1 in hypertension-induced end-organ damage and

reactivation and trafficking of TEM cells in response to

repeated high salt stimulation, we used the

immunosuppressant fingolimod, a functional antagonist for

S1PR1. Thus, during the second-high salt feeding period, the

mice we divided into two groups, the first group received

fingolimod injections every other day while the other group

received saline solution.

Results obtained from the previous analysis have

implications for assuring that our salt-sensitive hypertensive

model is successful. Itani et al. showed that the blood pressure

of WT mice increased to 140 mmHg after undergoing the

L-NAME/high salt protocol described above (Itani et al.,

2016b). An interesting observation in the current study is that

fingolimod treatment prevented blood pressure elevation in

response to hypertensive stimuli like a high salt diet. As far as

we know, many studies assessed fingolimod’s activity in several

hypertensive animal models, but their results appeared to be

inconsistent. In line with our results, Meissner et al. reported that

treatment Ang-II induced hypertensive mice with fingolimod

mitigated the development of hypertension after pump insertion

(Meissner et al., 2016).

In this study, the mice received fingolimod (1 mg/kg) IP

every other day over a period of 2 weeks (Meissner et al., 2016), to

block the egress of TEM cells and thus lessen kidney damage.

Liang and collegues, reported a decrease in TEM trafficking after

denervating the bone marrow as a niche to TEM cells (Xiao et al.,

2020). A similar conclusion was reached by Meissner et al.,

demonstrating that chronic fingolimod administration in pre

hypertensive mice triggers peripheral lymphopenia and thus

prevents AngII-induced development of HT (Meissner et al.,

2016). On the other hand, other studies did not verify

fingolimod’s protective effects against hypertension. Cantalupo

and colleagues, demonstrated that chronic administration of

fingolimod increased the blood pressure of hypertensive mice

(Cantalupo et al., 2017). Following different treatment regimens

(dose and frequency of treatment administration) and using

different hypertensive models may explain these contradicting

results (Jozefczuk et al., 2020). Another factor that explains these

contradicting results is the time of fingolimod administration in

hypertension. To illustrate, at the onset of hypertension,

fingolimod was able to protect against blood pressure

development, but when given as a “treatment” for

hypertension, fingolimod was not protective and even

increased blood pressure (Elijovich et al., 2016; Li and Zhang,

2016). Regarding figolimod’s effect on lumphocytes, an

INFORMS, multicentre, double-blind, placebo-controlled

parallel-group study, showed that primary pregressive MS

patients receiving long-term fingolimod treatment (0.5 mg/d

over 5 years) decreased the mean absolute lymphocyte count

by 70% (Fox et al., 2019). Similarly, other studies reported that

short-term and low-dose administartion of fingolimod induced

regulatory T-cell response and inhibited effector T responses in

mice (Huang et al., 2012). This could be explained by the fact that

prolonged administration period of fingolimod, leads to more

effective internalization and degradation of S1PR1 molecules on

lymphocytes (Sykes et al., 2014). Besides, a pioneeristic work

reported that Fingolimod prevents lymphocyte infiltration to the

ischemic brain tissue without affecting the infiltration of myeloid

cells (Salas-Perdomo et al., 2019). Thereore, we can say that our

results might have important clinical implications, yet one concer

about the findings of our study was the treatment regime. This

can derive future studies to answer an intresting research

question on the precise effects of in vivo fingolimod treatment

on BP in various hypertensive animal models is needed.

Interestingly, S1P has a diverse effect on the vasculature,

depending on the dominant receptor subtypes in endothelial cells

or smooth muscle cells (Intapad, 2019). S1PR1 and

S1PR3 expressed on the endothelial cells are vasodilators,

while S1PR2 and S1PR3 extensively expressed on the vascular

smooth muscle cells are vasoconstrictors. From another

perspective, fingolimod effects on the S1P-S1PR1 axis are

species and vessel type-dependent (Intapad, 2019). In

epinephrine-preconstricted mesenteric arterioles obtained

from rats or mice, S1P causes endothelial nitric oxide

synthase-dependent vasorelaxation, rodent cerebral arteries,

and mesenteric resistance arteries from elderly rats showed

S1P-induced vasoconstriction (Hemmings, 2006; Schuchardt

et al., 2011). Additionally, a study reported that the loss of

endothelial S1PR1 expression in resistance arteries via

fingolimod treatment, abolishes vasorelaxation, increases blood

pressure in control mice, and exacerbates hypertension in the

Ang-II mouse model (Cantalupo and Di Lorenzo, 2016).

Based on the analysis of several studies, the kidney forms a

niche for immune cell infiltration and/or activation in case of

hypertension (Johnson et al., 2005; Bravo et al., 2007). Our

current findings showed a significant decrease in the

infiltration of CD4+ and CD8+ TEM and TCM cells into the

kidney of mice treated with fingolimod compared to the mice

group which did not receive fingolimod. In our published study,

Itani et al. reported that CD4+ and CD8+ TEM cells increase in the

kidney with an HS diet and re-accumulate significantly with

repeated HS stimulation. Miguel et al. reported similar

observations in their experiments. Briefly, it was reported that

treating hypertensive animals with immunosuppressants

prevented the infiltration of T cells into the kidneys and

mitigated blood pressure (De Miguel et al., 2011). On the

contrary, no blood pressure reduction was reported in control

animals upon administering immunosuppressants. Accordingly,

pharmacologically blocking S1PR1 by fingolimod, which is

considered an immunosuppressant, attenuates the
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development of hypertension and renal damage in our mouse

model. This observation was consistent with that noted among

humans (Mattson, 2014). Initial studies reported the presence of

T cells in the kidneys of patients with essential hypertension,

while hypertensive patients with autoimmune disease who

receive immunosuppressants had a better response to

hypertensive stimuli (Zhang and Crowley, 2015). The kidneys

form a great site for T cells infiltration and activation leading to

inflammation in hypertensive models. After observing the

decrease in the entry of TEM cells into the kidneys in mice

treated with fingolimod, we assessed the renal damage. Our

analysis regarding immunostaining of CD3+ cells in the

kidney assures the infiltration and inflammation of kidneys of

mice that did not receive fingolimod, a completely abolished

phenomenon in mice treated with fingolimod. In addition to

that, since NGAL is a promising biomarker for acute kidney

damage, we measured its expression level. NGAL expression

significantly decreased in the group treated with fingolimod,

suggesting reduced tubular damage and that the fingolimod has a

protective effect on the kidney. On another note, Buonafine and

colleagues asserted that NGAL has a pathogenic role in cardiac

damage besides its role as a biomarker for renal injury. NGAL has

a crucial role in aldosterone/MR-dependent hypertension

(Buonafine et al., 2018).

Here in, we showed that S1PR1 blockade, by fingolimod

treatment, locked the CD8+ TEM cells in the bone marrow.

Besides, our previous study proved that CD4+ and CD8+ TEM

cells increase in the bone marrow upon L-NAME/high salt

exposure. These results suggest that the bone marrow cells

contribute to hypertension, as it is a perfect residence for the

quiescent TEM (Durlanik et al., 2015). These TEM cells remain

quiescent for months and could be reactivated upon repeated

treatment antigenic exposure (Itani et al., 2016b). The findings

confirm that TEM cells are formed upon exposure to the HS

stimulus and reactivated to repeated stimuli. However, the

exodus of these cells from the bone marrow was blocked with

fingolimod, and the kidney was protected. Our observations

agree with Fujii et al., which showed that the number of

T cells increases considerably in SPX LT-α−/− mice treated

with fingolimod (Fujii et al., 2008). Interestingly, the S1P-

S1PR1 axis is known to control T cell egress from bone

marrow, and S1PR1 surface abundance on T cells and local

S1P concentrations are closely linked (Schwab et al., 2005). In

parallel with findings from animal models, an important study by

Chongsathidkiet et al., showed that patients with glioblastoma

have an abundance of thymocytes in the bone marrow, which is

associated with the internalization of sphingosine one phosphate

receptor 1 (S1PR1), which plays a key role in thymocyte

trafficking. Furthermore, this thymocyte accumulation in the

bone marrow was reversed when S1PR1 internalization was

blocked, resulting in more tumor-infiltrating leukocytes and

enhanced survival (Chongsathidkiet et al., 2018). Therefore,

immunotherapies are becoming a prominent area in research,

as the immune system could be enhanced to target life-

threatening malignancies and repressed to escape

inflammatory reactions, by modulating the S1P-S1PR1 axis.

Recent studies have emphasized the role of T cell infiltration

into the perivascular fat and its role in inducing vascular

dysfunction and organ damage (Mikolajczyk et al., 2016).

Thus, S1PR1 inhibition by fingolimod was able to protect the

vasculature in response to repeated hypertensive stimulation.

This study showed a non-significant decrease in infiltrating

T cells in the group treated with fingolimod, except for the

CD8+ TCM cells. These findings could explain why people with

chronic renal illness have a higher rate of vascular disease. (Oh

et al., 2002).

Our previous study showed that the TEM cells activated in

hypertensive mice travel from the kidney to the bone marrow,

spleen, and vasculature. Our results in this study suggest that TEM
cells traffic back from the bonemarrow to the kidney and vasculature,

affecting the function of these blood pressure-regulating organs, and

that fingolimod treatment attenuates this phenomenon. Thus, the

immunosuppressant, fingolimod, was proven to protect against

hypertension and renal damage by sequestering inflammatory

T cells in the bone marrow. The role of immunological memory

in repetitive hypertension has been studied, but the mechanisms of

redistribution and reactivation of T cells remain unclear. Thus, to

study the immunological memory of T cells against hypertension, we

implement CD45.1 WT mice. We aimed to inject T cells expressing

S1PR1 in a group of naïve CD45.1 mice and T cells lacking S1PR1 in

another group of naïve CD45.1 mice lacking S1PR1 expression and

feed them a high salt diet for the first time.

Interestingly, in our adoptive transfer model, recipient mice

receiving T cells from donor mice exposed to L-NAME/

HS1HS2 protocol with fingolimod had blunted blood pressure

and decreased T cells infiltration into the kidney in comparison

to those received T cells from donor mice exposed to L-NAME/

HS1HS2 only. Thus, these mice were protected from developing

hypertension in response to the HS diet because they lack the

salt-sensitive TEM cells. Interestingly and in line with our

findings, Guzik and colleagues reported that hypertensive

response to angiotensin II was restored in RAG-1/mice after

adoptive transfer of T cells, but not B cells (Guzik et al., 2007).

(Guzik et al., 2007). Our results showed that S1PR1 blockade

inhibits TEM cells infiltration into the kidney and bone marrow.

S1PR1 contributes to TEM cells’ egress from the bone marrow to

the kidney but does not promote the trafficking back of these cells

to the bone marrow. Thus, we can conclude that S1PR1 plays a

role in the recirculation and redistribution of TEM cells in

response to moderate hypertensive stimulation.

Conclusion

Hypertension is multifaceted and complex and is the primary

cause of myocardial infarction, heart failure, and stroke. Despite
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current medicines, BP management does not achieve an

acceptable outcome in all patients, implying the need for new

therapeutic targets and a deeper knowledge of underlying

mechanisms. The findings of this study show that blockade of

S1PR1 through pharmacological means (fingolimod) affects

renal vascular function and raises blood pressure. S1P-S1PR1

signaling pathway was shown to form a hypertensive

immunological memory by forming long-lived TEM cells that

can live for decades in the bone marrow and induce renal illness

when reactivated. Interestingly, this process will be shut down in

case of fingolimod treatment. Therefore, this study provides a

promising approach that aids in reducing the prevalence of salt-

sensitive hypertension.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by AUB

LAura Dosh.

Author contributions

MI and HI contributed to the writing of the manuscript, all

authors contributed to performing all experiments.

Funding

The authors gratefully acknowledge the financial support of

the American Society of Nephrology (ASN), Carl W. Gottschalk

Research Scholar Award (M0048845), and the American

University of Beirut Faculty of Medicine Medical Practice

Plan (MPP) to HI.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.930487/full#supplementary-material

References

Ahmed, N., Mehmood, A., Linardi, D., Sadiq, S., Tessari, M., Meo, S. A., et al.
(2019). Cardioprotective effects of sphingosine-1-phosphate receptor
immunomodulator FTY720 in a clinically relevant model of cardioplegic arrest
and cardiopulmonary bypass. Front. Pharmacol. 10, 802. doi:10.3389/fphar.2019.
00802

Balandina, A., Lécart, S., Dartevelle, P., Saoudi, A., and Berrih-Aknin, S. (2005).
Functional defect of regulatory CD4(+)CD25+ T cells in the thymus of patients with
autoimmune myasthenia gravis. Blood 105 (2), 735–741. doi:10.1182/blood-2003-
11-3900

Behjati, M., Etemadifar, M., and Abdar Esfahani, M. (2014). Cardiovascular
effects of fingolimod: A review article. Iran. J. Neurol. 13 (3), 119–126.

Bestetti, R. B., Dellalibera-Joviliano, R., Lopes, G. S., Faria-, M., Jr, Furlan-Daniel,
R., Lopes, K. C., et al. (2019). Determination of the Th1, Th2, Th17, and Treg
cytokine profile in patients with chronic Chagas heart disease and systemic arterial
hypertension. Heart Vessels 34 (1), 123–133. doi:10.1007/s00380-018-1228-z

Bravo, Y., Quiroz, Y., Ferrebuz, A., Vaziri, N. D., and Rodríguez-Iturbe, B. (2007).
Mycophenolate mofetil administration reduces renal inflammation, oxidative
stress, and arterial pressure in rats with lead-induced hypertension. Am.
J. Physiol. Ren. Physiol. 293 (2), F616–F623. doi:10.1152/ajprenal.00507.2006

Buonafine, M., Martínez-Martínez, E., Amador, C., Gravez, B., Ibarrola, J.,
Fernández-Celis, A., et al. (2018). Neutrophil Gelatinase-Associated Lipocalin
from immune cells is mandatory for aldosterone-induced cardiac remodeling
and inflammation. J. Mol. Cell. Cardiol. 115, 32–38. doi:10.1016/j.yjmcc.2017.
12.011

Camm, J., Hla, T., Bakshi, R., and Brinkmann, V. (2014). Cardiac and vascular
effects of fingolimod: Mechanistic basis and clinical implications. Am. Heart J. 168
(5), 632–644. doi:10.1016/j.ahj.2014.06.028

Cantalupo, A., and Di Lorenzo, A. (2016). S1P signaling and de novo biosynthesis
in blood pressure homeostasis. J. Pharmacol. Exp. Ther. 358 (2), 359–370. doi:10.
1124/jpet.116.233205

Cantalupo, A., Gargiulo, A., Dautaj, E., Liu, C., Zhang, Y., Hla, T., et al. (2017).
S1PR1 (sphingosine-1-phosphate receptor 1) signaling regulates blood flow and
pressure. Hypertension 70 (2), 426–434. doi:10.1161/HYPERTENSIONAHA.117.
09088

Cartier, A., and Hla, T. (2019). Sphingosine 1-phosphate: Lipid signaling in
pathology and therapy. Science 366 (6463), eaar5551. doi:10.1126/science.aar5551

Chongsathidkiet, P., Jackson, C., Koyama, S., Loebel, F., Cui, X., Farber, S. H.,
et al. (2018). Sequestration of T cells in bone marrow in the setting of glioblastoma
and other intracranial tumors. Nat. Med. 24 (9), 1459–1468. doi:10.1038/s41591-
018-0135-2

Control CfD Prevention (2019). Hypertension cascade: Hypertension prevalence,
treatment and control estimates among US adults aged 18 years and older applying
the criteria from the American College of cardiology and American heart
association’s 2017 hypertension guideline—NHANES 2013–2016. Atlanta, GA: US
Department of Health and Human Services.

De Miguel, C., Guo, C., Lund, H., Feng, D., and Mattson, D. L. (2011). Infiltrating
T lymphocytes in the kidney increase oxidative stress and participate in the

Frontiers in Physiology frontiersin.org13

Itani et al. 10.3389/fphys.2022.930487

https://www.frontiersin.org/articles/10.3389/fphys.2022.930487/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.930487/full#supplementary-material
https://doi.org/10.3389/fphar.2019.00802
https://doi.org/10.3389/fphar.2019.00802
https://doi.org/10.1182/blood-2003-11-3900
https://doi.org/10.1182/blood-2003-11-3900
https://doi.org/10.1007/s00380-018-1228-z
https://doi.org/10.1152/ajprenal.00507.2006
https://doi.org/10.1016/j.yjmcc.2017.12.011
https://doi.org/10.1016/j.yjmcc.2017.12.011
https://doi.org/10.1016/j.ahj.2014.06.028
https://doi.org/10.1124/jpet.116.233205
https://doi.org/10.1124/jpet.116.233205
https://doi.org/10.1161/HYPERTENSIONAHA.117.09088
https://doi.org/10.1161/HYPERTENSIONAHA.117.09088
https://doi.org/10.1126/science.aar5551
https://doi.org/10.1038/s41591-018-0135-2
https://doi.org/10.1038/s41591-018-0135-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.930487


development of hypertension and renal disease. Am. J. Physiol. Ren. Physiol. 300 (3),
F734–F742. doi:10.1152/ajprenal.00454.2010

De Silva, P. M., Mohammed Abdul, K. S., Eakanayake, E. M., Jayasinghe, S. S.,
Jayasumana, C., Asanthi, H. B., et al. (2016). Urinary biomarkers KIM-1 and NGAL
for detection of chronic kidney disease of uncertain etiology (CKDu) among
agricultural communities in Sri Lanka. PLoS Negl. Trop. Dis. 10 (9), e0004979.
doi:10.1371/journal.pntd.0004979

Dominguez-Villar, M., Raddassi, K., Danielsen, A. C., Guarnaccia, J., and Hafler,
D. A. (2019). Fingolimodmodulates T cell phenotype and regulatory T cell plasticity
in vivo. J. Autoimmun. 96, 40–49. doi:10.1016/j.jaut.2018.08.002

Don-Doncow, N., Vanherle, L., Zhang, Y., and Meissner, A. (2019). T-Cell
accumulation in the hypertensive brain: A role for sphingosine-1-phosphate-
mediated chemotaxis. Int. J. Mol. Sci. 20 (3), 537. doi:10.3390/ijms20030537

Drouillard, A., Neyra, A., Mathieu, A-L., Marçais, A., Wencker, M., Marvel, J.,
et al. (2018). Human naive and memory T cells display opposite migratory
responses to sphingosine-1 phosphate. J. Immunol. 200 (2), 551–557. doi:10.
4049/jimmunol.1701278

Drummond, G. R., Vinh, A., Guzik, T. J., and Sobey, C. G. (2019). Immune
mechanisms of hypertension. Nat. Rev. Immunol. 19 (8), 517–532. doi:10.1038/
s41577-019-0160-5

Durlanik, S., Schulz, D., McGrath, M., Grün, J. R., and Bardua, M.Sercan Alp Ö
(2015). Memory CD8(+) T cells colocalize with IL-7(+) stromal cells in bone
marrow and rest in terms of proliferation and transcription. Eur. J. Immunol. 45 (4),
975–987. doi:10.1002/eji.201445295

Elijovich, F., Weinberger, M. H., Anderson, C. A., Appel, L. J., Bursztyn,M., Cook,
N. R., et al. (2016). Salt sensitivity of blood pressure: A scientific statement from the
American heart association. Hypertension 68 (3), e7–e46. doi:10.1161/HYP.
0000000000000047

Fazekas, F., Bajenaru, O., Berger, T., Fabjan, T. H., Ledinek, A. H., Jakab, G., et al.
(2013). How does fingolimod (gilenya(®)) fit in the treatment algorithm for highly
active relapsing-remitting multiple sclerosis? Front. Neurol. 4, 10. doi:10.3389/
fneur.2013.00010

Forouzanfar, M. H., Liu, P., Roth, G. A., Ng, M., Biryukov, S., Marczak, L.,
et al. (2017). Global burden of hypertension and systolic blood pressure of at
least 110 to 115 mm Hg, 1990-2015. Jama 317 (2), 165–182. doi:10.1001/jama.
2016.19043

Fox, E. J., Lublin, F. D., Wolinsky, J. S., Cohen, J. A., Williams, I. M., Meng, X.,
et al. (2019). Lymphocyte counts and infection rates: Long-term fingolimod
treatment in primary progressive MS. Neurol. Neuroimmunol. Neuroinflamm. 6
(6), e614. doi:10.1212/NXI.0000000000000614

Fujii, T., Tomita, T., Kanai, T., Nemoto, Y., Totsuka, T., Sakamoto, N., et al.
(2008). FTY720 suppresses the development of colitis in lymphoid-null mice by
modulating the trafficking of colitogenic CD4+ T cells in bone marrow. Eur.
J. Immunol. 38 (12), 3290–3303. doi:10.1002/eji.200838359

Guzik, T. J., Hoch, N. E., Brown, K. A., McCann, L. A., Rahman, A., Dikalov, S.,
et al. (2007). Role of the T cell in the Genesis of angiotensin II induced hypertension
and vascular dysfunction. J. Exp. Med. 204 (10), 2449–2460. doi:10.1084/jem.
20070657

Hemmings, D. G. (2006). Signal transduction underlying the vascular effects of
sphingosine 1-phosphate and sphingosylphosphorylcholine. Naunyn. Schmiedeb.
Arch. Pharmacol. 373 (1), 18–29. doi:10.1007/s00210-006-0046-5

Huang, K., Li, S., Wang, W., Liu, L., Jiang, Y., Feng, P., et al. (2012). Oral
FTY720 administration induces immune tolerance and inhibits early development
of atherosclerosis in apolipoprotein E-deficient mice. Int. J. Immunopathol.
Pharmacol. 25 (2), 397–406. doi:10.1177/039463201202500209

Intapad, S. (2019). Sphingosine-1-phosphate signaling in blood pressure
regulation. Am. J. Physiol. Ren. Physiol. 317 (3), F638–F640. doi:10.1152/
ajprenal.00572.2018

Itani, H. A., McMaster, W. G., Jr., Saleh, M. A., Nazarewicz, R. R., Mikolajczyk, T.
P., Kaszuba, A. M., et al. (2016). Activation of human T cells in hypertension:
Studies of humanized mice and hypertensive humans. Hypertension 68 (1),
123–132. doi:10.1161/HYPERTENSIONAHA.116.07237

Itani, H. A., Xiao, L., Saleh,M. A., Wu, J., Pilkinton, M. A., Dale, B. L., et al. (2016).
CD70 exacerbates blood pressure elevation and renal damage in response to
repeated hypertensive stimuli. Circ. Res. 118 (8), 1233–1243. doi:10.1161/
CIRCRESAHA.115.308111

Johnson, R. J., Rodriguez-Iturbe, B., Nakagawa, T., Kang, D. H., Feig, D. I., and
Herrera-Acosta, J. (2005). Subtle renal injury is likely a common mechanism for
salt-sensitive essential hypertension. Hypertension 45 (3), 326–330. doi:10.1161/01.
HYP.0000154784.14018.5f

Jozefczuk, E., Guzik, T. J., and Siedlinski, M. (2020). Significance of sphingosine-
1-phosphate in cardiovascular physiology and pathology. Pharmacol. Res. 156,
104793. doi:10.1016/j.phrs.2020.104793

Jujic, A., Matthes, F., Vanherle, L., Petzka, H., Orho-Melander, M., Nilsson, P. M.,
et al. (2021). Plasma S1P (sphingosine-1-phosphate) links to hypertension and
biomarkers of inflammation and cardiovascular disease: Findings from a
translational investigation. Hypertension 78 (1), 195–209. doi:10.1161/
HYPERTENSIONAHA.120.17379

Kamat, N. V., Thabet, S. R., Xiao, L., Saleh, M. A., Kirabo, A., Madhur, M. S., et al.
(2015). Renal transporter activation during angiotensin-II hypertension is blunted
in interferon-γ-/- and interleukin-17A-/- mice. Hypertension 65 (3), 569–576.
doi:10.1161/HYPERTENSIONAHA.114.04975

Koch, A., Pfeilschifter, J., and Huwiler, A. (2013). Sphingosine 1-phosphate in
renal diseases. Cell. Physiol. biochem. 31 (6), 745–760. doi:10.1159/000350093

Li, N., and Zhang, F. (2016). Implication of sphingosin-1-phosphate in
cardiovascular regulation. Front. Biosci. 21, 1296–1313. doi:10.2741/4458

Liu, Y., Rafferty, T. M., Rhee, S. W., Webber, J. S., Song, L., Ko, B., et al. (2017).
CD8(+) T cells stimulate Na-Cl co-transporter NCC in distal convoluted tubules
leading to salt-sensitive hypertension. Nat. Commun. 8, 14037. doi:10.1038/
ncomms14037

Lucaciu, A., Brunkhorst, R., Pfeilschifter, J. M., Pfeilschifter, W., and Subburayalu,
J. (2020). The S1P-S1PR Axis in neurological disorders-insights into current and
future therapeutic perspectives. Cells 9 (6), E1515. doi:10.3390/cells9061515

Lucaciu, A., Kuhn, H., Trautmann, S., Ferreirós, N., Steinmetz, H., Pfeilschifter, J.,
et al. (2020). A sphingosine 1-phosphate gradient is linked to the cerebral
recruitment of t helper and regulatory T helper cells during acute ischemic
stroke. Int. J. Mol. Sci. 21 (17), 6242. doi:10.3390/ijms21176242

Machnik, A., Neuhofer, W., Jantsch, J., Dahlmann, A., Tammela, T., Machura, K.,
et al. (2009). Macrophages regulate salt-dependent volume and blood pressure by a
vascular endothelial growth factor-C-dependent buffering mechanism. Nat. Med.
15 (5), 545–552. doi:10.1038/nm.1960

Madhur, M. S., Lob, H. E., McCann, L. A., Iwakura, Y., Blinder, Y., Guzik, T. J.,
et al. (2010). Interleukin 17 promotes angiotensin II-induced hypertension and
vascular dysfunction. Hypertension 55 (2), 500–507. doi:10.1161/
HYPERTENSIONAHA.109.145094

Matloubian, M., Lo, C. G., Cinamon, G., Lesneski, M. J., Xu, Y., Brinkmann, V.,
et al. (2004). Lymphocyte egress from thymus and peripheral lymphoid organs is
dependent on S1P receptor 1. Nature 427 (6972), 355–360. doi:10.1038/
nature02284

Mattson, D. L. (2014). Infiltrating immune cells in the kidney in salt-sensitive
hypertension and renal injury. Am. J. Physiol. Ren. Physiol. 307 (5), F499–F508.
doi:10.1152/ajprenal.00258.2014

Meissner, A., Miro, F., Jiménez-Altayó, F., Jurado, A., Vila, E., and Planas, A. M.
(2016). Sphingosine-1-phosphate signalling—A key player in the pathogenesis of
angiotensin II-induced hypertension. Cardiovasc. Res. 113 (2), 123–133. doi:10.
1093/cvr/cvw256

Mikolajczyk, T. P., Nosalski, R., Szczepaniak, P., Budzyn, K., Osmenda, G., Skiba,
D., et al. (2016). Role of chemokine RANTES in the regulation of perivascular
inflammation, T-cell accumulation, and vascular dysfunction in hypertension.
FASEB J. official Publ. Fed. Am. Soc. Exp. Biol. 30 (5), 1987–1999. doi:10.1096/
fj.201500088R

Morimoto, A., Uzu, T., Fujii, T., Nishimura, M., Kuroda, S., Nakamura, S., et al.
(1997). Sodium sensitivity and cardiovascular events in patients with essential
hypertension. Lancet 350 (9093), 1734–1737. doi:10.1016/S0140-6736(97)05189-1

Muntner, P., Carey, R. M., Gidding, S., Jones, D. W., Taler, S. J., Wright, J. T., Jr,
et al. (2018). Potential US population impact of the 2017 ACC/AHA high blood
pressure guideline. Circulation 137 (2), 109–118. doi:10.1161/
CIRCULATIONAHA.117.032582

NCD Risk Factor Collaboration NCD-RisC (2021). Worldwide trends in
hypertension prevalence and progress in treatment and control from 1990 to
2019: A pooled analysis of 1201 population-representative studies with 104 million
participants. Lancet 398 (10304), 957–980. doi:10.1016/S0140-6736(21)01330-1

Oh, J., Wunsch, R., Turzer, M., Bahner, M., Raggi, P., Querfeld, U., et al. (2002).
Advanced coronary and carotid arteriopathy in young adults with childhood-onset
chronic renal failure. Circulation 106 (1), 100–105. doi:10.1161/01.cir.0000020222.
63035.c0

Salas-Perdomo, A., Miró-Mur, F., Gallizioli, M., Brait, V. H., Justicia, C.,
Meissner, A., et al. (2019). Role of the S1P pathway and inhibition by
fingolimod in preventing hemorrhagic transformation after stroke. Sci. Rep. 9
(1), 8309–8313. doi:10.1038/s41598-019-44845-5

Saleh, M. A., McMaster, W. G., Wu, J., Norlander, A. E., Funt, S. A., Thabet, S. R.,
et al. (2015). Lymphocyte adaptor protein LNK deficiency exacerbates hypertension
and end-organ inflammation. J. Clin. Invest. 125 (3), 1189–1202. doi:10.1172/
JCI76327

Saleh, M. A., Norlander, A. E., andMadhur, M. S. (2016). Inhibition of interleukin
17-A but not interleukin-17F signaling lowers blood pressure and reduces end-

Frontiers in Physiology frontiersin.org14

Itani et al. 10.3389/fphys.2022.930487

https://doi.org/10.1152/ajprenal.00454.2010
https://doi.org/10.1371/journal.pntd.0004979
https://doi.org/10.1016/j.jaut.2018.08.002
https://doi.org/10.3390/ijms20030537
https://doi.org/10.4049/jimmunol.1701278
https://doi.org/10.4049/jimmunol.1701278
https://doi.org/10.1038/s41577-019-0160-5
https://doi.org/10.1038/s41577-019-0160-5
https://doi.org/10.1002/eji.201445295
https://doi.org/10.1161/HYP.0000000000000047
https://doi.org/10.1161/HYP.0000000000000047
https://doi.org/10.3389/fneur.2013.00010
https://doi.org/10.3389/fneur.2013.00010
https://doi.org/10.1001/jama.2016.19043
https://doi.org/10.1001/jama.2016.19043
https://doi.org/10.1212/NXI.0000000000000614
https://doi.org/10.1002/eji.200838359
https://doi.org/10.1084/jem.20070657
https://doi.org/10.1084/jem.20070657
https://doi.org/10.1007/s00210-006-0046-5
https://doi.org/10.1177/039463201202500209
https://doi.org/10.1152/ajprenal.00572.2018
https://doi.org/10.1152/ajprenal.00572.2018
https://doi.org/10.1161/HYPERTENSIONAHA.116.07237
https://doi.org/10.1161/CIRCRESAHA.115.308111
https://doi.org/10.1161/CIRCRESAHA.115.308111
https://doi.org/10.1161/01.HYP.0000154784.14018.5f
https://doi.org/10.1161/01.HYP.0000154784.14018.5f
https://doi.org/10.1016/j.phrs.2020.104793
https://doi.org/10.1161/HYPERTENSIONAHA.120.17379
https://doi.org/10.1161/HYPERTENSIONAHA.120.17379
https://doi.org/10.1161/HYPERTENSIONAHA.114.04975
https://doi.org/10.1159/000350093
https://doi.org/10.2741/4458
https://doi.org/10.1038/ncomms14037
https://doi.org/10.1038/ncomms14037
https://doi.org/10.3390/cells9061515
https://doi.org/10.3390/ijms21176242
https://doi.org/10.1038/nm.1960
https://doi.org/10.1161/HYPERTENSIONAHA.109.145094
https://doi.org/10.1161/HYPERTENSIONAHA.109.145094
https://doi.org/10.1038/nature02284
https://doi.org/10.1038/nature02284
https://doi.org/10.1152/ajprenal.00258.2014
https://doi.org/10.1093/cvr/cvw256
https://doi.org/10.1093/cvr/cvw256
https://doi.org/10.1096/fj.201500088R
https://doi.org/10.1096/fj.201500088R
https://doi.org/10.1016/S0140-6736(97)05189-1
https://doi.org/10.1161/CIRCULATIONAHA.117.032582
https://doi.org/10.1161/CIRCULATIONAHA.117.032582
https://doi.org/10.1016/S0140-6736(21)01330-1
https://doi.org/10.1161/01.cir.0000020222.63035.c0
https://doi.org/10.1161/01.cir.0000020222.63035.c0
https://doi.org/10.1038/s41598-019-44845-5
https://doi.org/10.1172/JCI76327
https://doi.org/10.1172/JCI76327
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.930487


organ inflammation in angiotensin II-induced hypertension. JACC. Basic Transl.
Sci. 1 (7), 606–616. doi:10.1016/j.jacbts.2016.07.009

Sasset, L., and Di Lorenzo, A. (2022). Sphingolipid metabolism and signaling in
endothelial cell functions. Adv. Exp. Med. Biol. 1372, 87–117. doi:10.1007/978-981-
19-0394-6_8

Schuchardt, M., Tölle, M., Prüfer, J., and van der Giet, M. (2011).
Pharmacological relevance and potential of sphingosine 1-phosphate in the
vascular system. Br. J. Pharmacol. 163 (6), 1140–1162. doi:10.1111/j.1476-5381.
2011.01260.x

Schwab, S. R., Pereira, J. P., Matloubian, M., Xu, Y., Huang, Y., and Cyster, J. G.
(2005). Lymphocyte sequestration through S1P lyase inhibition and disruption of
S1P gradients. Science 309 (5741), 1735–1739. doi:10.1126/science.1113640

Sykes, D. A., Riddy, D. M., Stamp, C., Bradley, M. E., McGuiness, N., Sattikar, A.,
et al. (2014). Investigating the molecular mechanisms through which FTY 720-P
causes persistent S1P1 receptor internalization. Br. J. Pharmacol. 171 (21),
4797–4807. doi:10.1111/bph.12620

Trott, D. W., Thabet, S. R., Kirabo, A., Saleh, M. A., Itani, H., Norlander, A. E.,
et al. (2014). Oligoclonal CD8+ T cells play a critical role in the development of

hypertension. Hypertension 64 (5), 1108–1115. doi:10.1161/
HYPERTENSIONAHA.114.04147

Weinberger, M. H., Fineberg, N. S., Fineberg, S. E., and Weinberger, M. (2001).
Salt sensitivity, pulse pressure, and death in normal and hypertensive humans.
Hypertension 37 (2), 429–432. doi:10.1161/01.hyp.37.2.429

Xiao, L., do Carmo, L. S., Foss, J. D., Chen, W., and Harrison, D. G. (2020).
Sympathetic enhancement of memory T-cell homing and hypertension
sensitization. Circ. Res. 126 (6), 708–721. doi:10.1161/CIRCRESAHA.119.314758

Youn, J-C., Yu, H. T., Lim, B. J., Koh, M. J., Lee, J., Chang, D-Y., et al. (2013).
Immunosenescent CD8+ T cells and CXC chemokine receptor type 3 chemokines
are increased in human hypertension. Hypertension 62 (1), 126–133. doi:10.1161/
HYPERTENSIONAHA.113.00689

Zhang, J., and Crowley, S. D. (2015). Role of T lymphocytes in hypertension. Curr.
Opin. Pharmacol. 21, 14–19. doi:10.1016/j.coph.2014.12.003

Zubcevic, J., Santisteban, M. M., Perez, P. D., Arocha, R., Hiller, H., Malphurs, W.
L., et al. (2017). A single angiotensin II hypertensive stimulus is associated with
prolonged neuronal and immune system activation in Wistar-Kyoto rats. Front.
Physiol. 8, 592. doi:10.3389/fphys.2017.00592

Frontiers in Physiology frontiersin.org15

Itani et al. 10.3389/fphys.2022.930487

https://doi.org/10.1016/j.jacbts.2016.07.009
https://doi.org/10.1007/978-981-19-0394-6_8
https://doi.org/10.1007/978-981-19-0394-6_8
https://doi.org/10.1111/j.1476-5381.2011.01260.x
https://doi.org/10.1111/j.1476-5381.2011.01260.x
https://doi.org/10.1126/science.1113640
https://doi.org/10.1111/bph.12620
https://doi.org/10.1161/HYPERTENSIONAHA.114.04147
https://doi.org/10.1161/HYPERTENSIONAHA.114.04147
https://doi.org/10.1161/01.hyp.37.2.429
https://doi.org/10.1161/CIRCRESAHA.119.314758
https://doi.org/10.1161/HYPERTENSIONAHA.113.00689
https://doi.org/10.1161/HYPERTENSIONAHA.113.00689
https://doi.org/10.1016/j.coph.2014.12.003
https://doi.org/10.3389/fphys.2017.00592
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.930487

	Sphingosine 1 phosphate promotes hypertension specific memory T cell trafficking in response to repeated hypertensive chall ...
	Introduction
	Methods
	Animals and study design
	Blood pressure measurements
	Renal damage assessment
	Flow cytometry analysis
	T cell isolation and adoptive transfer

	Results
	Fingolimod reduces hypertension
	Fingolimod reduces renal inflammation and prevents renal damage
	Fingolimod controls memory T cells trafficking
	Fingolimod attenuates salt sensitivity

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


