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Abstract

Rationale—Chronic inflammation is a major contributor to the progressive pathology of
hypertension and T cell activation is required for the genesis of hypertension. However, the
precise role of myeloid cells in this process is unclear.

Objective—To characterize and understand the role of peripheral myeloid cells in the
development of hypertension.

Methods and Results—We examined myeloid cells in the periphery of hypertensive mice and
found that increased numbers of CD11b*Gr1* myeloid cells in blood and the spleen is a
characteristic of three murine models of experimental hypertension (Ang Il, L-NAME, and high
salt). These cells express surface markers and transcription factors associated with immaturity and
immunosuppression. Also, they produce hydrogen peroxide to suppress T cell activation. These
are characteristics of myeloid-derived suppressor cells (MDSCs). Depletion of hypertensive
MDSCs increased blood pressure and renal inflammation. In contrast, adoptive transfer of wild-
type MDSCs to hypertensive mice reduced blood pressure, while the transfer of NADPH oxidase
2-deficient MDSCs did not.

Conclusions—The accumulation of MDSCs is a characteristic of experimental models of
hypertension. MDSCs limit inflammation and the increase of blood pressure through the
production of hydrogen peroxide.
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INTRODUCTION

Hypertension occurs in one-third of Western populations and is an important risk factor for
stroke, heart failure and hypertensive glomerulosclerosis. There is substantial debate
regarding the relative contribution of the kidney, autonomic nervous system, and vascular
injury to the development of hypertension. Recently, several experimental studies have
implicated aberrant immune activation and inflammation in the pathogenesis of
experimental hypertension.1=3 It has been suggested that cell death associated with sterile
inflammation may lead to an adaptive immune response directed against cell associated
antigens.? Indeed, in experimental models, T cells are required for a vigorous blood pressure
(BP) increase and full pathologic expression of hypertensive injury.1® Thus, it is important
to understand the regulation of the immune response and the precise pathologic contribution
of inflammation in hypertensive disease.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature
myeloid cells that regulate the immune system.5 First discovered in murine tumor models,
MDSCs are now known to exist in humans and to dramatically increase under various
pathologic conditions including graft-versus-host disease, inflammatory bowel disease and
infection.”~2 MDSCs share common features as they all express the myeloid markers CD11b
and Gr1, and the ability to suppress T cell activation.8 MDSCs are generally considered as
one of several means by which the immune system limits inflammation and thus prevents
excessive inflammatory injury. Perhaps not surprisingly, both excessive accumulation of
MDSCs and the insufficient generation of MDSCs have been associated with pathologic
processes.810 Studies examining tumor growth have proposed several mechanisms that
direct recruitment and accumulation of MDSCs. However, common features linking MDSC
generation in different pathologic conditions are still elusive, except that nonresolving
inflammation is a hallmark in all of the conditions.

Given the abundant information suggesting that experimental hypertension is associated
with chronic immune activation, we examined myeloid cells in hypertension. Here, we
report that peripheral CD11b*Gr1* myeloid cells accumulate in three separate murine
models of hypertension (angiotensin (Ang) II, L-NAME (L-NC-Nitroarginine Methyl Ester)
and salt-sensitive hypertension). These myeloid cells suppress T cell activity using hydrogen
peroxide. Depletion of MDSCs increases BP and renal inflammation, while treatment of
hypertensive animals with exogenous MDSCs reduces BP. Thus, our studies show that in
experimental models of hypertension, MDSCs act to limit both inflammation and the
increase of BP.

METHODS

A detailed Methods section is available in the Supplemental materials.
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RESULTS

Hypertension is associated with increased CD11b*Gri1* cells in the periphery

We first examined the myeloid populations in an Ang Il-induced hypertension model. Mice
were administered 980 ng/kg/min of Ang Il for 4 weeks. Systolic BP increased and by the
end of the first week reached a plateau between 140-150 mmHg (Figure 1A). This was
associated with a significant increase of circulating CD11b*Gr1* myeloid cells. By week 4,
blood CD11b*Gr1* cells in hypertensive mice averaged 1.62 k/ul vs 0.78 k/ul in
normotensive mice (p<0.01). Further analysis of cell surface markers showed two distinct
populations comprising CD11b*Gr1* cells: Gr1N9nLy6C!oW and Gr1lowLy6Chigh (Online
Figure I). These correspond to granulocytic and monocytic MDSCs found in tumor
models.1! While both populations increased in hypertension, the Gr1M9nLy6C!oW cells were
predominant.

We also examined the myeloid populations in the spleens, kidney and bone marrow (BM) of
mice treated with Ang Il. At week 3, the percentage of CD11b*Gr1* cells in the spleens of
hypertensive mice increased 2.7-fold compared to normotensive mice (Figure 1B). This was
despite the fact that the total number of splenocytes remained constant (115.2 + 9.0 x106 for
hypertensive mice vs. 118.7 + 13.6 x106 in normotensive mice). There were normal
percentages of F4/80MI"CD11b!°W red pulp macrophages and CD11c"9" conventional
dendritic cells in the hypertensive spleens (Online Figure 11B). In the kidneys, the number of
CD11b*Gr1* cells increased over 2-fold in hypertensive mice (Figure 1B and Online Figure
[1A). In contrast to blood and spleen, BM from hypertensive mice exhibited no increase in
the percentage of CD11b*Gr1* cells (Online Figure 1IC). Thus, Ang ll-induced
hypertension is accompanied with an increase of CD11b*Gr1* myeloid cells in the
periphery without much change in the BM.

Ang Il has recently been reported to be a chemotactic factor for monocytes and able to
mobilize monocytes from the spleen.12 To exclude the possibility that the accumulated
MDSC are specific for Ang Il rather than hypertension, we studied two other hypertension
models. L-NAME-induced hypertension is mechanistically different from Ang Il-induced
hypertension in that it is associated with low plasma levels of Ang 1. Two cohorts of mice
received either 0.5 mg/ml or 1.5 mg/ml L-NAME in drinking water, and their BP and blood
CD11b*Gr1* cell numbers were studied (Figure 1C). The group fed a high dose of L-
NAME had a more acute BP elevation and reached peak levels about 10 mmHg higher than
that of the low dose group. While both groups showed an increase in the number of blood
CD11b*Gr1* cells, the L-NAME high dose group had a faster rise in cell number than the
low dose group, corresponding to their BP levels.

We also studied hypertension induced by a high salt diet.2 In this model, mice were treated
with 0.5 mg/ml L-NAME for 4 weeks to induce hypertension and to predispose the animals
to salt sensitivity. The L-NAME phase was followed by a 1 week washout period in which
both BP and peripheral CD11b*Gr1* cell numbers fell to normal levels. Beginning on the
6t week, the animals were fed a high salt diet (4% NaCl) for 3 weeks. In response to the salt
load, mice developed hypertension (Figure 1D). By the third week of high salt, the rise in
BP was associated with more than a 2-fold increase in the number of blood CD11b*Gr1*
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cells. Thus, analysis of hypertension models induced by three different agents displayed a
similar behavior; we conclude that an increase of CD11b*Gr1* cells is a general
characteristic of hypertension.

The accumulated CD11b*Gr1* myeloid cells are immunosuppressive

To define the characteristics of the CD11b*Gr1* cells that accumulate during hypertension,
we purified the GriN9NLy6C!oW and Gr1!oWLy6Chigh subsets and examined their
morphology. These cells collected from the spleens of Ang ll-induced hypertensive mice
have a polymorphonuclear and monocytic morphology similar to their counterparts from
naive mice (Online Figure 111A). We also evaluated the expression levels of surface markers
related to the maturational and functional state of myeloid cells (Figure 2). There was no
difference between cells from normotensive and hypertensive mice until 2 weeks after the
start of Ang Il infusion. Splenic CD11b*Gr1™* cells from hypertensive mice lost expression
of the maturational markers CD80 and MHC class Il (I-AP), but gradually increased
expression of IL-4 receptor a (IL-4Ra) and IFN-y receptor 1 (IFN-yR1). IL-4Ra is a key
component in mediating M2 macrophage differentiation and its expression is associated with
MDSCs in tumor models.14 IFN-yR1 has also been characterized as a feature of MDSCs.
Signaling through IFN-yR1 induces the expression of iNOS and has been attributed to the
development of MDSCs.1® Thus, these data show that with the onset of hypertension,
splenic CD11b*Gr1* cells gradually transition to a relatively immature and
immunosuppressive phenotype. Further, CD11b*Gr1* cells from the blood of hypertensive
mice also up-regulate IL-4Ra and down-regulate CD80 (Online Figure 111B).

A key question is whether the CD11b*Gr1* cells that accumulate in hypertension are
immunosuppressive and thus correspond to the MDSCs described in tumor models. To
investigate this, we used an immunosuppressive assay in which purified CD11b*Gr1* cells
were co-incubated with splenocytes from OT-1 mice loaded with the fluorescent dye CFSE.
The transgenic CD8" OT-I T cells recognize the MHC class | presented ovalbumin peptide
SIINFEKL. We tested the effect of CD11b*Grl* cells on OT-1 T cells activated by their
cognate epitope SIINFEKL. Separately, we also tested the effect of CD11b*Gr1* cells on
total T cells activated by antibodies directed against CD3 and CD28. During the 3-day
assay, the T cells proliferate, resulting in dilution of the CFSE dye. Immunosupression by
the CD11b*Gr1™ cells resulted in less T cell proliferation (Figure 3A). While there was an
increase of CD11b*Gr1™ after only 1 week of Ang Il stimulation, there was no difference
between these cells and equivalent cells from normotensive mice in affecting T cell
proliferation. However, irrespective of the means by which the T cells were activated, the
hypertensive CD11b*Gr1* cells present at 2 and 3 weeks effectively prevented T cell
proliferation. This timing of suppressive activity corresponded to the appearance of
immunosuppressive surface markers on CD11b*Gr1™* cells, which also appeared 2 weeks
after initiating Ang Il infusion. Thus, it seems that the accumulation of immunosuppressive
MDSCs requires a relatively chronic process secondary to a BP increase.

To investigate whether the hypertensive MDSCs can suppress antigen-mediated activation
of T cells in vivo, we injected i.v. a 1:1 ratio of CFSE-labeled OT-1 T cells and CD11b*Gr1*
cells from either normotensive mice or hypertensive mice (3-week Ang I1). One day later,
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we immunized the recipients i.p. with ovalbumin. Finally, the spleens of the recipient mice
were harvested 2 days later to analyze the activation status of the OT-I cells (Figure 3B). In
fact, the OT-1 T cells co-injected with hypertensive CD11b*Gr1* cells had a slower
proliferation rate and reduced expression of the activation marker CD44 than the OT-1 cells
co-injected with CD11b*Gr1* from normotensive mice. Thus, in this in vivo model, it is
hypertensive CD11b*Gr1* cells that suppress T cell activation, even in a non-hypertensive
environment.

Among the transcription factors involved in myeloid lineage commitment, the CCAAT
enhancer binding protein (C/EBP) family plays a fundamental role. A differential expression
of C/EBP family members has been associated with specific stages in cell fate
determination.18 C/EBPa is the key factor in driving myeloid differentiation.1” C/EBP is
required for emergent granulopoiesis and the formation of MDSCs.18:19 C/EBPS fosters a
macrophage pro-inflammatory phenotype.29 In addition, PU.1 is another fate-determining
transcription factor for myeloid cells, especially macrophages, and its recruitment to
inflammatory gene enhancers is required for responses to inflammatory stimuli.21:22 We
analyzed the expression levels of these transcription factors in splenic CD11b*Gr1™ cells
from hypertensive mice 3 wk after the initiation of Ang Il (Online Figure 1V). Compared to
CD11b*Gr1* cells from normotensive mice, hypertensive CD11b*Gr1™ cells up-regulated
C/EBPp but had diminished expression of C/EBPa, C/EBPS and PU.1. These changes in
transcription factors and surface markers are consistent with our functional analysis
indicating that Ang ll-induced hypertension is associated with accumulation of relatively
immature myeloid cells capable of suppressing T cell proliferation. Thus, these cells fit the
phenotypic and functional definition of MDSCs.

Reactive oxygen species (ROS) mediate the immunosuppressive ability of hypertensive

MDSCs

We wished to identify the mechanism MDSCs use to suppress T cells in hypertension. Study
of MDSCs in various pathologic models has implicated several different possible agents,
such as iNOS, arginase | and ROS. 6:23.24 Depending on the model, each of these has been
reported to damp host immune responses, either independently or in concert with one
another. L-NAME is a pan-NOS inhibitor. When we isolated CD11b*Gr1* cells from L-
NAME-induced hypertensive mice and co-incubated them with T cells, they still showed T
cell suppressive effects (Online Figure VA). Moreover, the iNOS specific inhibitor 1400W
did not affect the suppressive activity of the MDSCs from Ang Il-treated mice on T cells
(Online Figure VB). These data indicate that iNOS and NO are unlikely to mediate the
immunosuppressive effects of hypertensive MDSCs. Finally, using intracellular staining and
FCM analysis, we found negligible iNOS expression in the CD11b*Gr1* cells of
hypertensive mice (Online Figure VC). We also found that there was no significant
difference in arginase | expression between CD11b*Gr1* cells from normotensive and
hypertensive mice (Online Figure VD). The addition of the arginase I inhibitor Nor-NOHA
to the immunosuppressive assay only mildly enhanced the proliferation of T cells cultured
with CD11b*Gr1* cells from both normotensive and hypertensive mice (Online Figure VE).
This suggests that arginase I is not a key mediator of the immunosuppression caused by
hypertensive MDSCs.
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Phagocytic cells use ROS to kill pathogens, and work has suggested that some MDSCs use
ROS to suppress T cells.226 ROS production was measured by the ability of cells to
oxidize dehydrorhodamine 123 to the fluorescent cationic rhodamine 123. Splenic MDSCs
from mice with either Ang Il- or L-NAME-induced hypertension produced significantly
more ROS than equivalent cells from normotensive mice (Figure 4A, 1). Also, when
MDSCs from hypertensive mice were transferred into normotensive mice, we could detect
in vivo by cytofluorogram that they express ROS even after 24 hr (Online Figure V1), which
indicates that the hypertensive MDSCs produce abundant ROS even in a normotensive
environment. Unlike other ROS, hydrogen peroxide is long-lived and can easily diffuse
between cells. We therefore considered the hypothesis that hydrogen peroxide mediates the
suppressive activity of MDSCs. Addition of catalase (which catalyzes the conversion of
hydrogen peroxide to water and oxygen) to the immunosuppressive assay, completely
eliminated the suppressive activities of MDSCs from either Ang Il treated or L-NAME
treated mice (Figure 4B). These data imply that hydrogen peroxide plays an important role
in mediating the suppression of T-cell proliferation by hypertensive MDSCs. Two of the
major sources of cellular ROS are mitochondria and cellular NADPH oxidase.2” We added
Ebselen, a potent scavenger of peroxides, to the immunosuppressive assay. The addition of
this agent to the hypertensive MDSCs eliminated suppression and resulted in T cell
proliferation nearly equivalent to that in an assay performed with CD11b*Gr1* cells from
normotensive mice (Figure 4C). We also used mitoEbselen, which specifically localizes to
mitochondria and neutralizes mitochondrial produced ROS. mitoEbselen only partially
inactivated the suppressive activity of hypertensive MDSCs. Thus, ROS produced by both
mitochondria and other cellular compartments plays a major role in the activity of
hypertensive MDSCs.

Depletion of MDSCs raises BP in hypertension

Evidence suggests that inflammation is a critical pathologic process affecting long term BP
control. Because MDSCs are potent suppressors of T cells and polarize immunity toward an
anti-inflammatory phenotype, we wanted to understand their function in hypertension. To
investigate this, we first used a depletion strategy. Gemcitabine has been used extensively to
reduce MDSC levels in vivo without substantially altering the numbers of other
leukocytes.28:2% Mice were injected i.p. with gemcitabine or saline and gemcitabine
treatment reduced the number of CD11b*Gr1* cells by 80%, confirming its efficacy. Mice
were infused with Ang Il (980 ng/kg/min) to induce hypertension and on day 10 of treatment
started to receive gemcitabine until the end of the 4-week observation period. By day 17,
there was a significant difference between the two groups with the gemcitabine treated mice
having a higher BP than the saline treated group (Figure 5A). This difference continued and
mice depleted of MDSC had a BP that averaged 16 mmHg higher than the control mice
from day 18 until the end of the experiment (P<0.005).

Gemcitabine is a chemotherapeutic agent. To exclude the possibility that the increased BP
was due to a mechanism besides MDSC depletion, we next used anti-Gr1 antibody to
deplete MDSCs, an approach widely used for MDSC research in tumor models.2930 On day
10 of Ang Il infusion, mice received anti-Grl antibody i.p. or an equivalent dose of an
isotype irrelevant antibody. Another group of mice wer given the same volume of saline.

Circ Res. Author manuscript; available in PMC 2016 October 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shah et al.

Page 7

Starting at day 11 and continuing until the end of the experiment, analysis showed a highly
significant increase of BP comparing the mice treated with anti-Gr1 antibody vs. the mice
treated with control antibody or saline (Figure 5B, P<0.005). Further, we also measured
proteinuria and heart weight at the end of the experiment. Hypertension caused proteinuria
and increased heart weight; MDSC depletion exacerbated these pathological changes
(Figure 5C and 5D). Thus, these studies indicate that MDSCs suppress BP in hypertension
and reduce organ damage.

Depletion of MDSC is associated with increased T cell activity

To understand how MDSCs regulate BP, we examined T cell activation in hypertensive
mice. Mice were made hypertensive with either Ang Il or L-NAME for 3 weeks and their
splenic T cell expression of the pro-inflammatory cytokines IFNy and TNFa was measured.
T cell IL-17 was also measured since IL-17 is thought important in mediating hypertensive
responses.3! Hypertension was accompanied with an increase of IFNy*, TNFa* and IL-17*
cells among both CD8" and CD4* T cells (Online Figure VI11). However, following a 2-
week depletion of MDSCs with anti-Gr1 antibody, there was an exaggerated increase of
CDS8™* T cells secreting both IFNy and IL-17 and CD4* T cells secreting either IFNy* or
IL-17*, compared to the Ang Il-treated mice injected with an isotype control antibody
(Figure 6A). In particular, IL-17/IFNy double positive CD8" T cells increased by 3-fold and
6.2-fold in MDSC-depleted hypertensive mice compared to hypertensive mice treated with
control Ab and to naive normotensive mice, respectively. These data strongly suggest that,
in vivo, MDSCs suppress the number of T cells activated during hypertension.

The kidney regulates BP by controlling salt and water excretion and by being the source of
renin. Renal inflammation is a hallmark of hypertension.32 Therefore, we analyzed renal
inflammation to further assess the role of MDSCs in hypertension. Both Ang Il and L-
NAME hypertension were accompanied by more than a 2-fold increase in the number of
renal CD45* inflammatory cells (Figure 6B). CD3™* T cells accounted for a large number of
inflammatory cells in hypertensive kidneys and their numbers were increased by over 3-fold
compared with those in naive normotensive kidneys (Figure 6B). To gain insight into the
role of MDSCs in modulating renal inflammation, we depleted these cells using an anti-Grl
antibody. Depletion of MDSCs increased infiltrating cells in kidney, as indicated by a 2-fold
increase in the numbers of CD45* and CD3* cells compared to treatment with an isotype
control antibody. Examination of cytokine production by renal T cells showed very few
IL-17* cells. However, IFNy/TNFa double positive T cells were significantly increased in
hypertensive mice compared to normotensive controls (Figure 6C, P<0.05). Again, MDSC
depletion led to not only a higher BP, but an aggravation in inflammation as indicated by
increased renal T cell infiltration and cytokine expression. We also observed a similar result
in gemcitabine treated hypertensive mice (Online Figure VIII).

Administration of MDSCs from wild-type mice but not NADPH oxidase 2 (Nox2) deficient
mice reduced BP in hypertension

The depletion experiments presented above imply a beneficial role of MDSC accumulation
in hypertension. We next designed adoptive transfer experiments to examine whether
MDSCs derived from hypertensive mice were functional in regulating BP. A cohort of mice
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was injected i.v. twice with 2x108 MDSCs isolated from the spleens of syngeneic
hypertensive mice previously treated with 3 weeks of Ang Il. As a control, a second cohort
was treated identically, except they received splenic CD11b*Gr1* cells from normotensive
mice. A third cohort received only PBS. In this protocol, the first transfer of cells was 1 day
before recipients were started on Ang Il (490 ng/kg/min). The second transfer was 2 days
after the start of Ang I1. We used an Ang Il dose of 490 ng/kg/min instead of 980 ng/kg/min
because we wanted to evaluate possible preventive effects of MDSCs on BP increase and
490 ng/kg/min Ang Il is relatively milder in forcing a BP increase. During the period
between day 0 and day 9, the BP of the mice receiving hypertensive MDSCs was
significantly lower than the other two groups (Figure 7A, P<0.05 and P<0.005 by two-way
ANOVA). There was no difference in the BP response between the mice receiving PBS and
those receiving CD11b*Gr1* cells from normotensive mice, indicating that the transfer of
normotensive myeloid cells did not affect BP.

To investigate whether ROS production by MDSCs is a major mechanism retarding
hypertension development, we performed a similar protocol as above but using gp91Phox=/-
(Nox27/7) mice as a donor. The Nox2~/~ mice have a global knockout of this gene which
could potentially affect the development of hypertension and the generation of MDSCs in
vivo. To avoid this and to increase the number of MDSCs available to us, we employed an
established protocol by generating MDSCs from wild-type and Nox2™/~ mice with BM
culture in the presence of GM-CSF and IL-6.1° Two cohorts of mice were administered
5x10% MDSCs twice from wild-type BM culture and Nox2~~ BM culture, respectively
(Figure 7B). As a control, a third cohort was treated identically, except they received fresh
total BM cells which had not been cultured in vitro and contained very few MDSCs. BP of
the mice receiving total BM cells increased to above 120 mmHg on day 1 and stayed at that
level for the remainder of the experiment. However, the BP of the mice receiving MDSCs
from wild-type BM culture never surpassed 120 mmHg until day 8. As such, there was a
consistent and highly significant difference of at least 10 mmHg during the first week
between these two groups (P<0.005). In contrast to the mice receiving MDSCs from wild-
type BM culture, the mice receiving MDSCs from Nox2~/~ BM culture had a sustainable
increase of BP from day 1 to day 7 and their average systolic BP reached 133 mmHg on day
7. Thus, the mice receiving Nox2~/~ MDSCs averaged 13.5 mmHg higher BP than the mice
receiving wild-type MDSCs in the first week (Figure 7B, P<0.005). We conclude that ROS
production is critical for the function of MDSCs in BP control.

In the third experiment, we investigated whether MDSCs could be used as a treatment for
established hypertension. Mice received Ang Il for 4 weeks. Beginning on day 7, the
hypertensive mice received an i.v. injection of 5x108 MDSCs every 7 days. Weekly
administration of MDSCs had a highly significant impact on BP, reducing systolic BP at day
27 by 37 mmHg and essentially restoring basal BP levels (Figure 7C). Thus, MDSC transfer
is efficient in both preventing hypertension development and treating established
hypertension.

Finally, to know the whereabouts of the transferred MDSCs, we i.v. transferred MDSCs
derived from hypertensive GFP transgenic mice into normotensive and hypertensive mice.
Twenty-four hours later, we collected blood, spleen, lung, bone marrow, and kidney and
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counted the numbers of GFP* MDSCs in these organs (Online Figure IX). Very few
transferred MDSCs were found in the blood of either group, suggesting that the cells
distributed to tissues. We examined the lung because it is the first organ the transferred cells
encounter. It appeared that there were more transferred cells present in the lung of
normotensive mice than those of hypertensive mice. Interestingly, more transferred MDSCs
repopulated the spleens of hypertensive mice, which is consistent with a role of MDSC in T
cell suppression during hypertension. We also found that there was significantly more
transferred MDSCs in the kidneys of hypertensive mice than those of normotensive mice,
although the number was a magnitude lower than that in the spleen. Instead, there were more
transferred MDSCs populating the bone marrow of normotensive mice, which indicates that
without peripheral inflammation, these cells are prone to stay at where hematopoiesis
begins.

DISCUSSION

Our data indicate a previously unknown role of MDSCs in hypertension. While myeloid
cells capable of suppressing immune responses were described, the functional effects of
these cells were largely defined in the area of cancer. Models of hypertension commonly
elicit a chronic inflammatory response. Our study shows that this systemic inflammation is
associated with the migration and accumulation of MDSCs in the spleen. These data indicate
that the spleen is a critical place where MDSCs interact with T cells in hypertension. This
finding is consistent with a recent paper showing that the release of splenic T cells is
important in regulating inflammation and BP in hypertension.33 Kidney inflammation has
been shown as a characteristic of hypertension. We analyzed renal inflammation as a
function of MDSC numbers and found that a reduction of MDSCs in hypertension is
associated with significantly increased numbers of renal inflammatory cell, including T
cells. Further, with MDSC depletion, the T cells in spleen and kidney have an increased pro-
inflammatory phenotype. Thus, MDSCs act to counter and limit the inflammation and
increase of BP. In hypertension, the actions of MDSCs are advantageous.

Several mechanisms are known to limit the immune response. For example, regulatory T
cells (Treg) are another type of regulatory cell that limits inflammation. Adoptive transfer of
Tregs has been shown to reduce inflammation, tissue injury and BP in Ang Il-induced
hypertension.34:35 Similar benefits were observed in aldosterone induced hypertension.38
MDSCs have been reported to foster the production of inducible Tregs in tumors.3” Of note,
hypertension decreases the circulating Treg number, possibly due to Ang Il-induced Treg
apoptosis or skewed CD4* T cell differentiation.343° This decrease contrasts to the
accumulation of MDSCs in the hypertensive models we studied. Further studies of the
number and localization of Treg in hypertension models with low Ang Il level may shed
light on the relationship of Treg and MDSCs in hypertension. In hypertension, it is
granulocytic MDSCs that are most increased. This is the same population that most often
predominates in malignancy. Gabrilovich and colleagues recently reported that a large
proportion of monocytic MDSCs in tumor-bearing mice can acquire phenotypic,
morphologic and functional features of granulocytic MDSCs.38 This mechanism may also
occur in the setting of hypertension. All mice have splenic and peripheral CD11b*Gr1*
cells. However, it is not believed that the immunosuppresive MDSCs are derived from these
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cells. Rather, experiments have demonstrated that, in response to a yet to be determined
signal accompanying chronic inflammation, suppressive CD11b*Gr1* MDSCs are newly
formed in BM.24 So far, there is no accepted marker system to predict whether a MDSC will
be suppressive without evaluating its suppressive function using in vitro T cell assays. As
compared to the CD11b*Gr1™* cells found under basal conditions, our data and others show
that these newly formed MDSCs have a distinctive pattern of differentiation markers,
transcription factors and effector molecules.3® MDSC expansion is related to a
hematopoietic response to inflammation where growth factors such as GM-CSF and G-CSF
signal to the BM to transiently increase cellular output. This “emergency” hematopoiesis
aids in the destruction and elimination of the insulting entity and is followed by tissue repair
and resolution. In nonresolving inflammation, the inciting agent remains and the
hematopoietic cycle linked to clearance and resolution becomes dysregulated. Presumably,
this increase in the number of immunoregulatory MDSCs is one aspect of a dynamic change
in the immune system that is both the cause of and the response to the onset of a chronic
hypertensive inflammatory state.

We analyzed possible mechanisms by which MDSCs may affect T cells and found that
MDSCs associated with hypertension made more ROS. Moreover, the experimental finding
that adoptive transfer of wild-type MDSCs but not Nox2~/~ MDSCs limited BP increase in
recipient mice further indicates that ROS is a key factor mediating the function of MDSCs in
vivo. ROS produced by endothelium and vascular smooth muscle play a major role in
hypertension, but have often been assumed to be pathologic.#0 However, ROS production is
also a key feature of myeloid derived cells. Clinical studies have investigated antioxidant
therapy as an adjunct for the treatment of cardiovascular disease.*! In such studies, it is
worth considering that depletion of myeloid ROS production might exacerbate inflammation
and have effects contrary to the hoped for result.
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Novelty and Significance
What Is Known?

»  Hypertension is accompanied by systemic inflammation as evidenced by tissue
infiltration of T cells and other blood-born inflammatory cells.

* In experimental animals, T cells make a major contribution to the pathogenesis
of hypertension and appear obligatory for blood pressure elevation.

What New Information Does This Article Contribute?

»  Hypertension is accompanied by an increase of CD11b*Gr1* myeloid-derived
suppressor cells in the blood, spleen and kidney.

e These hypertension-associated myeloid suppressor cells suppress T cell activity,
inflammation and eventually blood pressure by producing hydrogen peroxide.

e  These findings highlight an immune balance in hypertension in that a subset of
myeloid cells are anti-inflammatory and act to oppose the rise of blood pressure.

Chronic inflammation is a characteristic of hypertension and T cells are critical in the
genesis and development of hypertension. However, the role of other components of
hypertension-associated inflammation, especially the role of myeloid cells, is not well
defined. We found that in 3 murine models of hypertension, the rise in blood pressure is
associated with an increase of myeloid-derived suppressor cells in the blood and the
spleen. These cells, in contrast to other inflammatory cells, are beneficial in blood
pressure control in that they suppress T cell activity. While reactive oxygen species are
generally assumed to be pathogenic in hypertension, hydrogen peroxide produced by
these myeloid suppressor cells is critical in their immunosuppressive function and is
advantageous. Depletion of these cells aggravated inflammation and the increase in blood
pressure. In contrast, adoptive transfer of myeloid-derived suppressor cells delayed the
rise in blood pressure in de novo hypertension and decreased blood pressure in
established hypertension. These findings highlight a self-regulatory mechanism in
hypertension. Further elucidation of this mechanism might provide a potential pathway in
the management of refractory hypertension.
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Figure 1. Hypertension is associated with increased CD11b*Gr1* cells
A, Systolic BP (line) and blood CD11b*Gr1* cell numbers (bars) were measured after mice

were infused with Ang Il. n=10. On right, representative dot plots of CD11b*Gr1* cells
from normotensive mice and mice treated with Ang Il for 3 weeks are shown. (B) The
percentages of CD11b*Grl1* cells in the spleens and the number of CD11b*Gr1™ cells in the
kidneys of normotensive mice and mice infused with Ang Il for 3 weeks. C, Mice were fed
with 0.5 mg/ml or 1.5 mg/ml L-NAME in water, their BP and blood CD11b*Gr1* cell
numbers were monitored. D, Mice were pre-treated with L-NAME for 4 weeks followed by
1 week of normal water. They were then fed with a high-salt diet and their systolic BP and
blood CD11b*Gr1* cell numbers were monitored. *P < 0.05; **P < 0.01; ***P < 0.005.
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Figure 2. Surface phenotype of hypertensive CD11b*Gr1* cells
Surface markers expressed by splenic CD11b*Gr1* cells from normotensive mice and mice

treated with Ang Il for 1, 2 or 3 weeks. AMFI indicates the difference between the absolute
mean fluorescent intensity (MFI) of an individual sample and the MFI of the isotype control.
*P < 0.05; **P < 0.01; ***P < 0.005.
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Figure 3. CD11b*Gr1* cells from hypertensive mice are immunosuppressive
A, CFSE-labeled splenocytes from OT-I mice were co-cultured with CD11b*Gr1* cells

(1:1) from normotensive mice or mice treated with Ang Il for 1, 2 or 3 weeks. T cells in the
culture were stimulated with either anti-CD3/anti-CD28 antibodies or SIINFEKL peptide.
Three days later, the proliferation profiles (left) and proliferation index (right) of total T
cells (CD3* in the anti-CD3/anti-CD28 treated wells) or CD8* T cells (in the SIINFEKL
treated wells) were obtained. B, CFSE-labeled OT-1 CD8* T cells were i.v. transferred with
CD11b*Gr1* cells derived from either normotensive or hypertensive mice (1:1) to naive
mice followed by i.p. ovalbumin immunization. Two days later, the proliferation profiles of
splenic OT-I T cells from the recipients were measured, as well as their surface CD44
expression. *P < 0.05; ***P < 0.005.
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Figure 4. ROS mediate the immunosuppression ability of hypertensive MDSCs
A, The production of ROS by splenic CD11b*Gr1* cells from normotensive (normo) mice

or mice made hypertensive by Ang Il or L-NAME. B and C, The immunosuppressive assay
was performed using CD11b*Gr1* from normotensive or hypertensive mice. In some groups
B 100 U/ml catalase, C 100 nM Ebselen or 1 nM mitoEbselen was used for the 3-day assay.
**P < 0.01; ***P < 0.005.

Circ Res. Author manuscript; available in PMC 2016 October 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Shah et al.

180
170
160
150
140
130
120
110
100

Systolic BP (mmHg)

Page 19

P<0.005

—— Saline
—=— Gemcitabine

Treatment started

90+
(Angll)Day 0 3 6 9 12

B

Systolic BP (mmHg)
5

>
0 3
=)
9
<

Proteinuria (mg/day)
- ~N w & w
s 38 8 5 2

15 18 21 24 27

ovs.a P<0.005

Treatment started

evsa P<0005 )

—4— |sotype Ab
—8-— Saline
—a— anti-Gr1 Ab

0 4 7 1 14 17 21 24 27
D
— L 10 ey
[ —] 3z arn +
2'&8 1
G
22
wmE 6
=
£e ¢
T 2
| 0 L

Figure 5. Depletion of MDSCs enhanced the hypertensive response
A, Two groups of mice were made hypertensive by Ang Il infusion. On day 10, one group

was started on i.p. gemcitabine while the other group received a similar volume of saline.

BP was measured on the indicated dates. n=6-15. B, A protocol similar to A, except that one
group was started on i.p. anti-Grl antibody while the other groups received either control
isotype antibody or saline. n=7. Data was analyzed by 2-way ANOVA with posttest.
Proteinuria (C) and heart weight (D) were measured on normotensive (black), Ang Il treated
(gray) and Ang Il treated mice with MDSC depletion (white). n=6-11. *P < 0.05; ***P <

0.005.
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Figure 6. Depletion of MDSCs intensified inflammation in hypertension
A, Mice were made hypertensive with Ang Il. Starting on day 10, mice were depleted of

MDSCs with anti-Gr1 antibody or treated with isotype antibody. At week 4, spleens were
harvested and both CD8* and CD4™* T cells were analyzed by FCM for IFNy, TNFa and
IL-17 expression. Some of the cells were stimulated with PMA and ionomycin (P+I).
Representative contours of IL-17/IFNy double positive CD8" T cells are shown. n=5-6. B
and C, Normotensive mice, mice treated with either 4 weeks of L-NAME or Ang Il, and
mice treated with Ang Il plus either anti-Gr1 or isotype antibody were sacrificed and their
kidneys were collected. B, Cells were evaluated for the number of inflammatory cells
(CD45%) and T cells (CD45*CD3") after kidney digestion and Percoll enrichment. C, Cells
were stimulated with PMA and ionomycin and then assayed for the percentage of T cells
expressing IFNy and TNFa. The representative contours of IFNy/TNFa double positive T
cells are shown. *P < 0.05; **P < 0.01; ***P < 0.005.
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Figure 7. Adoptive transfer of MDSCs suppressed BP
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A, Mice were infused with Ang Il beginning on day 0. On days -1 and 2, the mice were

administered with either MDSCs from hypertensive mice (Ang Il for 3 weeks, n=6),

CD11b*Gr1* cells from normotensive mice (n=7), or PBS (n=10). B, Similar to A, except

mice were transferred with either MDSCs from wild-type BM culture, MDSCs from

Nox2~"~ BM culture or fresh wild-type total BM cells (n=8). C, Mice were infused with Ang

Il beginning on day 0. On day 7, mice received either BM derived MDSCs (n=7) or an
equivalent volume of saline (n=10). Treatment was repeated every week. Data were

analyzed by 2-way ANOVA with posttest.
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