
SEX-SPECIFIC T CELL REGULATION OF ANGIOTENSIN II-
DEPENDENT HYPERTENSION RR

Hong Ji1,4, Wei Zheng1,4, Xiangjun Li1,2,4, Jun Liu1,4, Xie Wu1,4, Monan Angela Zhang7,
Jason G. Umans1,3,4, Meredith Hay5, Robert C. Speth6,7, Shannon E. Dunn8,9,10, and
Kathryn Sandberg1,4

1Department of Medicine and Center for the Study of Sex Differences in Health, Aging and
Disease, Georgetown University, Washington, DC

2School of Pharmaceutical Science, Jilin University, PR China

3MedStar Health Research Institute, Hyattsville, MD

4Georgetown-Howard Universities Center for Clinical and Translational Science, Washington, DC

5University of Arizona at Tucson, Tucson, AZ

6Department of Pharmacology and Physiology and Center for Development of Radioligands,
Georgetown University, Washington, DC

7Department of Pharmaceutical Sciences, College of Pharmacy, Nova South Eastern University,
Fort Lauderdale, FL

8Toronto General Research Institute, University Health Network, Toronto, ON, Canada

9Department of Immunology, University of Toronto, Toronto, Canada

10Women’s College Research Institute, Toronto, ON, Canada

Abstract

Studies suggest T cells modulate arterial pressure. Since robust sex differences exist in the

immune system and in hypertension, we investigated sex differences in T cell modulation of

angiotensin II (Ang II)-induced increases in mean arterial pressure (MAP) in male (M) and female

(F) wild type (WT) and recombination-activating-gene-1-deficient (Rag1−/−) mice. Sex-

differences in peak MAP in WT were lost in Rag1−/− mice [mmHg: WT-F, 136±4.9 vs. WT-M,

153±1.7; P<0.02; Rag1−/−-F, 135±2.1 vs. Rag1−/−-M, 141±3.8]. Peak MAP was 13 mmHg higher

after adoptive transfer of male (CD3M→Rag1−/−-M) vs. female (CD3F→Rag1−/−-M) T-cells.

CD3M→Rag1−/−-M mice exhibited higher splenic frequencies of pro-inflammatory

interleukin-17A (2.4-fold) and tumor-necrosis factor-α (2.2-fold)-producing T cells and lower

plasma levels (13-fold) and renal mRNA expression (2.4-fold) of interleukin-10 while

CD3F→Rag1−/−-M mice displayed a higher activation state in general and T-helper 1-biased renal

inflammation. Greater T cell infiltration into perivascular adipose tissue and kidney associated
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with increased pressor responses to Ang II if the T cell donor was male but not female and these

sex differences in T cell subset expansion and tissue infiltration were maintained for 7–8 weeks

within the male host. Thus, the adaptive immune response and role of pro- and anti-inflammatory

cytokine signaling in hypertension is distinct between the sexes and needs to be understood to

improve therapeutics for hypertension-associated disease in both men and women.
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The onset of essential hypertension occurs earlier in men than in women. A similar sex

difference is observed in most animal models of hypertension regardless of whether the

models are genetic or induced1. Thus, elucidating the mechanisms that underlie this robust

sex difference in susceptibility to hypertension could have profound implications for the

prevention and treatment of hypertension and its morbid outcomes for both men and women

Hypertension is associated with the development of inflammation in numerous tissues

including the vasculature, kidney and brain2. T cells are critical mediators of this

inflammatory process and recent studies suggest T cells modulate arterial pressure. Male

mice deficient in T and B cells (Rag1−/−-M) were shown to have lower MAP after Ang II

infusion compared to male WT mice3. Furthermore, adoptive transfer of male T cells

restored the magnitude of the Ang II-induced hypertension to WT-M levels while adoptive

transfer of male B cells under the same conditions was without effect.

It is well known that women are far more prone to develop autoimmune disease than men4

and that they have higher circulating levels of CD4+ T cells5 and IgM and class-switched

antibodies6. Recent studies have also shown that female T cells have a higher propensity to

expand in response to antigenic stimulation than male T cells7. T helper (Th) cells from

females also tend to produce higher levels of the Th1 cytokine interferon gamma (IFN-γ),

while male T cell immune responses are more biased towards Th17 cytokine production7,8.

In this study, we investigated whether or not sex differences in T cell modulation of MAP

could contribute to sex differences in susceptibility to Ang II-dependent hypertension. As

we and others have found previously9,10, Ang II infusion increased MAP to a greater extent

in male as compared to female WT mice. In contrast, we found no sex differences in the

magnitude of Ang II-induced hypertension in Rag1−/− mice, suggesting that sex differences

in T cell actions contribute to the higher MAP found in male compared to female mice after

Ang II infusion. Furthermore, CD3+ T cells from male and female WT mice differed

markedly in their ability to induce hypertension in the male Rag1−/− host after Ang II

infusion; Rag1−/−-M mice after adoptive transfer of male T cells were more susceptible to

Ang II-induced hypertension than after adoptive transfer of female T cells. The primary T

cell sex difference that associated with susceptibility or resistance to Ang II-induced

hypertension was that male splenic T cells exhibited a higher frequency of the pro-

inflammatory cytokines interleukin (IL)-17A and tumor necrosis factor-α (TNF-α)

compared to female splenic T cells. In addition, after two weeks of Ang II infusion, we

observed lower levels of IL-10 in the circulation and lower expression of IL-10 mRNA in
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the kidneys of Rag1−/−-M mice that received male as compared to female T cells. These

observations indicate that susceptibility or resistance to hypertension are at least in part

determined by the sex of the T cell.

Materials and Methods

A detailed Methods section is provided in the online-only Data Supplement.

Results

Effect of T and B cell deficiency on sex differences in MAP and HR responses to Ang II

It is well known that males (M) have higher blood pressure (BP) than females (F) in many

experimental models of hypertension including Ang II infusion1. Using radiotelemetry, we

confirmed this finding in WT mice infused with Ang II at 490 ng/kg/min for two weeks.

Ang II caused a larger increase in MAP in WT-M than WT-F mice (Figure 1A; P<0.0001 by

two-way ANOVA). The biggest difference in MAP (17 mm Hg) occurred on day 9 (mm Hg:

WT-M, 153 ± 1.7 vs. WT-F, 136 ± 4.9; P<0.02 by t-test). In contrast, there were no

detectable differences in MAP between male and female Rag1−/− mice (Figure 1C). As we

and others have shown previously9,10, significant differences in HR were observed between

male and female WT mice (Figure 1B; P<0.0001 by two-way ANOVA). Basal HR was 50

bpm lower in male compared to female WT mice [HR (bpm): WT-M, 613 ± 4.7 vs. WT-F,

663 ± 8.7; P<0.001 by t-test] and there was a smaller drop in HR over the Ang II infusion

period in male compared to female mice (Figure 1B). In contrast, the sex differences in basal

HR and HR responses to Ang II infusion were less pronounced in male and female Rag1−/−

mice (Figure 1D). While basal HR was 28 bpm lower in the male Rag1−/− mouse (P< 0.005

by t-test), the drop in HR due to Ang II was indistinguishable between the sexes at the end

of the two week infusion period. These findings suggest T and/or B cells contribute to sex

differences in hypertension since male-female differences in MAP and HR responses to Ang

II are substantially attenuated or eliminated.

Effect of the sex of the T cell donor on MAP and HR responses to Ang II in the male
Rag1−/− host

Previous studies have shown that adoptive transfer of male T cells into Rag1−/−-M mice

increases the magnitude of Ang II-induced hypertension3. To determine if this T cell

exacerbation of Ang II-dependent hypertension depends upon the sex of the T cell, we first

conducted an Ang II dose response in WT-M and Rag1−/−-M mice (Figure S1) and then

compared the magnitude of the hypertension induced by Ang II infusion at 490 ng/kg/min

after adoptive transfer of cells from male and female WT mice into Rag1−/−-M mice.

As observed previously3, adoptive transfer of CD3M ultimately restored the magnitude of

the Ang II-induced increase in MAP to that observed in WT-M mice. No differences in the

peak MAP response or in the MAP at the end of the Ang II infusion period were detected

between CD3M→Rag1−/−-M and WT-M mice; however, the time course of the MAP

response to Ang II was slower in the CD3M→Rag1−/−-M compared to the WT-M mice

(Figs. 1) & 2A; P<0.0001 by two-way ANOVA).
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While there was no effect of the sex of the T cell donor on basal MAP between

CD3M→Rag1−/−-M and CD3F→Rag1−/−-M, adoptive transfer of CD3M cells resulted in a

greater MAP response to Ang II compared to CD3F cells (Figure 2A). The MAP was 13 mm

Hg higher at the peak [mmHg: CD3M→Rag1−/−-M, 141 ± 2.7 vs. CD3F→Rag1−/−-M, 128 ±

3.8; P<0.02 by t-test] and 12 mm Hg higher at the end of the infusion period [mmHg:

CD3M→Rag1−/−-M, 140 ± 3.6 vs. CD3F→Rag1−/−-M, 128 ± 3.8; P<0.04 by t-test] in

CD3M→Rag1−/−-M compared to CD3F→Rag1−/−-M mice. In fact, adoptive transfer of

CD3F into the Rag1−/−-M mice did not increase the MAP response to Ang II; no differences

in MAP were observed in the Ang II time course between the CD3F→Rag1−/−-M and the

Rag1−/−-M mice. These differences in MAP were not due to differences in BW since no

differences in BW were observed between these two groups [BW (g): CD3F→Rag1−/−-M,

30 ± 0.46 vs CD3M→Rag1−/−-M, 29 ± 0.43] and two weeks of Ang II infusion had no effect

on BW (data now shown). Furthermore, no differences in plasma Ang II [(pg/ml):

CD3F→Rag1−/−-M, 81 ± 20 vs CD3M→Rag1−/−-M, 76 ± 23] were detected two weeks after

Ang II infusion.

Small but significant differences were detected in the time course of the HR response to Ang

II between CD3M→Rag1−/−-M and CD3F→Rag1−/−-M mice (Figure 2B; P<0.05 by two

way ANOVA); however, there were no detectable sex differences in the peak drop in HR or

in HR at the end of the infusion period. These results indicate T cell modulation of Ang II-

dependent hypertension in the hormonal milieu of the male Rag1−/−-M mouse depends upon

the sex of the T cell donor; i.e., under these conditions, male T cells were pro-hypertensive

while female T cells were not.

Effect of the sex of the T cell donor on T cell reconstitution in the male Rag1−/− host after
adoptive transfer followed by two weeks of Ang II infusion

To investigate the mechanisms by which the sex of the T cell donor impacts Ang II-

dependent hypertension within the male host, we compared the extent of T cell

reconstitution in both the spleen and peripheral blood of CD3F→Rag1−/−-M and

CD3M→Rag1−/−-M mice after two weeks of Ang II infusion. We detected a higher number

of mononuclear cells in the Rag1−/−-M spleen after adoptive transfer of female compared to

male T cells [# of splenocytes: CD3F→Rag1−/−-M, 4.64 ± 0.80 × 106 vs CD3M→Rag1−/−-

M, 3.34 ± 0.38 × 106; P<0.05 by t-test; n=15]; however, there were no detectable sex

differences in the splenocyte population in terms of the T cell frequencies of CD4+ [% of

splenocytes: CD3F→Rag1−/−-M, 32.1 ± 2.6 vs CD3M→Rag1−/−-M, 31.9 ± 2.1; n=15] or

CD8+ [% of splenocytes: CD3F→Rag1−/−-M, 25.8 ± 2.1 vs CD3M→Rag1−/−-M, 30.9 ± 2.3;

n=15]. Furthermore, sex differences were also not detected in splenocytes from the donor

WT mice with respect to the T cell frequency of CD4+ [% of splenocytes: WT-F, 14.2 ±

0.30 vs WT-M, 14.6 ± 0.53; n=6] or CD8+ [% of splenocytes: WT-F, 11.3 ± 0.38 vs WT-M,

12.0 ± 0.30; n=6], nor was there any effect of Ang II infusion on the ratio of CD4:CD8 in

male and female mouse spleens (data not shown).

Similar to findings in the spleen, we detected a higher number of CD8+ cells and a trend

towards a higher number of CD3+ and CD4+ cells in the peripheral blood of Rag1−/−-M

mice after adoptive transfer of CD3F compared with CD3M T cells (Figure 3 A, C & E).
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CD4+ T cells were also detected at a higher frequency in peripheral blood of

CD3F→Rag1−/−-M compared to CD3M→Rag1−/−-M mice (Figure 3D). Together, these

findings suggest that female T cells are more efficient than male T cells at seeding the

lymphopenic environment of the male Rag1−/− host and that they are trafficking more

actively than male T cells. These findings also point out that Ang II-induced hypertension in

the male Rag1−/− host does not merely correlate with increased T cell expansion or

mobilization.

Effect of the sex of the T cell donor on the frequency of T cell subsets in the spleen of the
male Rag1−/− host after adoptive transfer followed by two weeks of Ang II infusion

To further investigate the activation status of T cells, we investigated the proportions of pro-

inflammatory (TNF- and IL-17-producing)11 and anti-inflammatory (IL-10-producing and

CD4+FOXP3+ Treg)12 T cell subsets that have been previously implicated in modulating

Ang II-induced hypertension. Coinciding with the greater development of Ang II-induced

hypertension in CD3M→Rag1−/−-M compared to CD3F→Rag1−/−-M mice,

CD3M→Rag1−/−-M exhibited a higher frequency of T cells producing the pro-inflammatory

cytokines TNF (2.4-fold) and IL-17 (2.2-fold) (Figure 4).

Though WT-F mice exhibited a 1.6-fold higher frequency of Treg in the spleen than WT-M

mice (Table S1), after adoptive transfer into the Rag1−/−-M host, the splenocyte frequency

of Treg (Figure 4) was surprisingly 3.0-fold higher when the donor T cells were male rather

than female. Moreover, while no detectable sex differences in IL-10-producing cells were

observed in WT mouse spleens (Table S1), IL-10 producing cells were 1.7-fold higher after

adoptive transfer of male compared to female T cells (Figure 4). Interestingly, the T cell

subset pattern in the peripheral blood differed from the pattern in the spleen. We found a

strong trend for a higher frequency of IL-10+ cells in PBMC from CD3F→Rag1−/−-M

compared to CD3M→Rag1−/−-M mice [(% IL-10): Female, 5.83 ± 1.5 vs. Male, 4.3 ± 0.98;

n=6]. Furthermore, the plasma levels of IL-10 were 12.7-fold higher after adoptive transfer

of female compared to male T cells [(pg/ml): CD3F→Rag1−/−-M, 52.3 ± 23 vs

CD3M→Rag1−/−-M, 4.1 ± 1.4; P<0.05 by t-test; n=6]. These findings suggest that the ability

of female T cells to resist Ang II-induced increases in arterial pressure within the male host

is due to an enhanced mobilization of anti-inflammatory T cells including IL-10-producing

cells.

We also examined the proportion of recently-activated (CD69+) and memory (CD44+) T

cells in the Rag1−/−-M spleen after adoptive transfer and Ang II infusion. Consistent with

our finding of a higher reconstitution of CD3F cells than CD3M (Figure 3), we detected an

1.8-fold higher frequency of T cells that expressed CD69 in CD3F→Rag1−/−-M compared to

CD3M→Rag1−/−-M (Figure 4), whereas after adoptive transfer of male T cells, we detected

a small but significantly higher (1.1-fold) proportion of memory CD44+ T cells [% of

splenocytes: CD3M→Rag1−/−-M, 68.6±2.0 vs. CD3F→Rag1−/−-M, 61.2±1.3; P<0.02 by t-

test; n=6]. With the exception of higher CD69 and CD44 expression in female T cells, we

did not observe evidence of similar differences in these T cell subsets in the spleens of male

and female WT mice (Table S1).
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Effect of the sex of the donor T cell on in vitro activated T cell cytokine responses to Ang II

Our finding that male T cells produced more IL-17A and TNF after adoptive transfer than

female T cells suggested that Ang II infusion induced a sex-specific expansion of pro-

inflammatory T cells in the male Rag1−/− host. This expanded T cell subset could be T

helper 17 (Th17) since IL-17A is the cytokine that defines Th17 and these CD4+ cells

produce a number of other pro-inflammatory cytokines including TNF13. However, TNF is

also a cytokine product of T helper 1 (Th1) cells. To assess these two possibilities, we

activated lymph node cells from WT male and female mice in vitro with anti-CD3 and anti-

CD28 (Th0 conditions) in the absence or presence of Ang II (100 nM) and then measured

the production of TNF, IL-17A and IFNγ by responding T cells both by ELISA and by

intracellular cytokine analysis (Figure 5 A & C). We chose this concentration of Ang II

since it is nearly 100 times higher than the affinity of the angiotensin type 1 receptor (AT1R)

for Ang II and because this concentration was shown to increase apoptotic Treg cells in

cultured splenic T cells in an AT1R-dependent manner14. We also examined the effects of

Ang II on T cell cytokine production under conditions that promote Th17 differentiation

(i.e., high IL-6 and TGF-β, and in the presence of antibodies that neutralize IFNγ and IL-4)

(Figure 5 B & D).

In the absence of Ang II, there was a tendency for increased frequencies of IFNγ-producing

cells (Figure 5C) and lower production of IL-17A by CD4+ T cells (Figure 5A) in female

compared to male T cells after antigen receptor and CD28 co-stimulation (i.e., under Th0

conditions). This finding is consistent with our previous reports demonstrating that female T

cells exhibit a Th1-bias in cytokine production compared to male T cells7,8. Treatment of

these cells with Ang II under Th0 conditions promoted T cell production of IL-17A in both

sexes but decreased T cell production of IFNγ and TNF only in females (Figure 5A).

Interestingly, under Th17 polarizing conditions, we observed a significant sex by Ang II

interaction (two-way ANOVA, sex by treatment eta2 =83%; P<0.0001). Ang II selectively

enhanced IL-17A levels in male T cells, but decreased the levels of this cytokine in female T

cells (Figure 5B & D). Under these conditions, there was also a trend for a similar effect on

TNF (Figure 5B). Two weeks of Ang II infusion in WT mice did not result in sex

differences in splenic T cell cytokine mRNA expression (Table S2). Therefore, the enhanced

IL-17A and TNF production detected in spleens of CD3M→Rag1−/−-M compared to

CD3M→Rag1−/−-M post-Ang II treatment is likely due to sex-specific effects of Ang II on T

cells post adoptive transfer.

Effect of the sex of the T cell donor on T cell infiltration into PVAT and kidney in the male
Rag1−/− host after adoptive transfer followed by two weeks of Ang II infusion

To determine if the sex of the T cell donor also impacts T cell infiltration into Ang II target

tissues, we assessed the infiltration of CD3+, CD4+, CD8+ T cells, and CD4+FOXP3+ Treg

into kidney and perivascular adipose tissue (PVAT) after adoptive transfer of male and

female T cells into Rag1−/−-M mice followed by two weeks of Ang II infusion. Consistent

with our finding of more T cells in the periphery after adoptive transfer of female compared

to male T cells, more CD4+ T cells infiltrated the PVAT in CD3F→Rag1−/−-M compared to

CD3M→Rag1−/−-M mice and there was a trend for more infiltration of CD8+ T cells as well;

however, we did not find a sex difference in the frequency of CD4+FOXP3+ T cells in
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PVAT under these conditions and no sex differences in the infiltration of CD4+, CD8+, or

Treg were observed in the kidney (Table 1, Figure 6). Thus, the pro-hypertensive potential

of male T cells was not associated with either a lower number or with a reduced frequency

of Treg cells in two tissues thought to be critically involved in the development of

hypertension. These findings suggest that sex differences in Treg frequencies do not underlie

the sex-disparate effects of T cells on Ang II-dependent hypertension in the male host;

however, these results do not rule out a role for sex differences in other immune regulatory

populations in these key Ang II target tissues.

Effect of the sex of the T cell donor on renal cytokine mRNA expression in the male
Rag1−/− host after adoptive transfer followed by two weeks of Ang II infusion

We measured the mRNA expression of various T cell-produced cytokines (IFNγ, IL-2,

IL-17A, IL-10), tissue chemokines (MCP-1, CCL5), and Treg markers (FOXP3 and IL-10)

in the kidney of Rag1−/−-M after adoptive transfer and two weeks of Ang II infusion (Table

2) to further investigate sex-specific T cell differences in Ang II target tissues. As compared

to CD3M→Rag1−/−-M, CD3F→Rag1−/−-M mice displayed enhanced expression of most

genes examined including those with both pro- (IFNγ, CCL5, IL-2) and antiinflammatory

(FOXP3, IL-10, AT2R) functions; however, no sex differences in renal AT1R mRNA

expression were observed (Table 2) or in splenic AT1R radioligand binding [Bmax

(fmol/mg protein): CD3F→Rag1−/−-M, 54.7±11.7 vs CD3M→Rag1−/−-M, 45.4±9.6; ns by t-

test; n=4]. Taken together, these studies suggest the major correlate of the prohypertensive

properties of male T cells was that they were more likely to polarize towards pro-

inflammatory Th17 cells while anti-inflammatory IL-10-producing T cells appeared to be

retained in the spleen instead of being mobilized to the blood and Ang II target organs.

Discussion

It has long been known that the immune system influences arterial pressure15. Hypertension

is associated with inflammatory processes in key target tissues including the vasculature,

kidney and brain and immunosuppression was shown to lower arterial pressure in the

spontaneously hypertensive rat16 and in induced models of hypertension including a model

of partial renal infarction17. In 2007, Guzik et al.3 demonstrated a key role for the adaptive

immune system in susceptibility to Ang II-induced hypertension in male mice by showing

that Rag1−/−-M mice exhibited a blunted hypertensive response compared to WT-M mice

following infusion of Ang II at 490 ng/kg/min. Adoptive transfer of T, but not B, cells from

donor WT-M mice restored the Ang II-induced hypertension in these Rag1−/−-M mice to

levels observed in WT mice. Our study both confirms and extends these findings by

demonstrating that the magnitude of this protection from Ang II-induced hypertension, due

to T cell deficiency, varies with the dose of Ang II administered (Supplement Figure S1).

The difference in BP between Rag1−/−-M and WT-M mice is even more exaggerated at a

lower dose of Ang II (200 ng/kg/min), while at a higher dose (1000 ng/kg/min), Rag1−/−-M

mice were no longer protected from Ang II-induced hypertension when compared to WT-M

mice. Our dose response study indicates the immune system plays a critical role in the slow

pressor response to Ang II. Given that the gradual increase in blood pressure at initial

subpressor Ang II doses is thought to be due to hypertrophy of the systemic resistance
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vasculature18,19 and mediated by Ang II-induced oxidative stress20, our data suggest that the

immune system affects these processes in vessel walls.

It is well known that hypertension occurs earlier in men than women and arterial pressure is

higher in males than females in the vast majority of animal models of hypertension1. Less

well understood is how male and female immune systems differentially contribute to blood

pressure dysregulation. Here, we show that Rag1−/− mice no longer exhibit sex differences

in the magnitude of Ang II-induced hypertension (Figure 1A & C). Under these same

conditions, sex differences in HR responses between WT males and females were also

diminished in Rag1−/− mice (Figure 1B & D). These findings provide evidence that sex

differences in the immune system play a key role in the mechanisms explaining why males

are more susceptible to hypertension than ovarian intact females since known sex

differences in vascular and renal function and in sympathetic activity failed to maintain

expected blood pressure differences between male and female Rag1−/− mice after Ang II

infusion. These findings also suggest there is an increase in baroreflex sensitivity in the

Rag1−/− mouse compared to WT mice and that this altered HR reflex is similar in male and

female Rag1−/− mice. We previously showed that the Ang II-induced baroreflex bradycardia

response was significantly less than that induced by phenylephrine while this blunted Ang II

response was absent in intact females21. Thus taken together, these findings suggest T cells

modulate baroreflex regulation of HR.

Our major finding from this study is that the magnitude of hypertension induced by a

subpressor dose of Ang II was far greater if adoptive transfer of splenic T cells into Rag1−/−-

M mice came from a male compared to a female WT host (Figure 2). Adoptive transfer of

male and female donor T cells enabled the sex of the T cell to be isolated from sex

differences inherent in innate immune cell types, as well as the vasculature, kidney and

brain. Thus, the sex differences in MAP after Ang II infusion were due solely to the sex of

the T cell donor. Since reconstitution of Rag1−/−-M mice with male T cells rescued the

male-bias in development of hypertension in response to Ang II, we concluded that male T

cells have a more pro-hypertensive phenotype than female T cells. It is also possible,

however, that female T cells are not as effective in inducing hypertension because a subset

of these T cells have a protective function against hypertension development.

There were a number of major sex differences in the T cell phenotype that we observed

post-adoptive transfer of T cells in the Rag1−/−-M after Ang II infusion. First, female T cells

showed signs of having a higher activation state in general, as compared to male T cells. We

observed a higher number of CD4+ T cells in the spleens, peripheral blood, and PVAT of

CD3F→Rag1−/−-M as compared to CD3M→Rag1−/−-M mice, indicating an enhanced

expansion of female T cells within the lymphopenic space in the Rag1−/−-M mouse (Table

1, Figure 3). Further evidence of this was that a higher frequency of female than male T cells

expressed the “recent-activation” marker CD69 in the spleens of Rag1−/−-M recipients

(Figure 4). Finally, CD3F→Rag1−/−-M mice showed higher cytokine mRNA expression in

the kidney and PVAT as compared to CD3M→Rag1−/−-M mice (Table 2). These sex

differences in renal expression of FOXP3, CCL5, IFN-γ, MCP-1, IL-2 and IL-10 mRNAs

were induced by Ang II, since WT male and female T cells did not exhibit these differences

under basal conditions (Table S2).
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In addition to the sex difference in activation state, we also observed evidence of a

differently-Th1-biased inflammatory response in the CD3F→Rag1−/−-M and

CD3M→Rag1−/−-M mice. CD3F→Rag1−/−-M mice displayed a gene signature that was

consistent with the development of Th1-inflammation in the kidney, while males showed

evidence of higher Th17-cytokine production in the spleen (Tables 1 and 2). A Th1 bias in

cytokine production was also observed in WT female T cells when they were activated ex

vivo with anti-CD3 and anti-CD28 (Figure 5). These findings of a differential production of

Th1 and Th17 cytokines by male and female T cells confirm our previous report that female

T cells have a higher propensity for Th1 cytokine production while male T cells tend to

produce higher levels of IL-177.

These sex differences in T cell biology in our model could be due to several factors. First, it

is known that the gonadal hormone milieu is important in specifying T cell phenotype in

male and female T cells4. For example, androgens reduce the potential of male T cells to

proliferate and produce Th1 cytokines7,8. Taken in this light, our finding that T cell

phenotype sex differences were retained even 7–8 weeks after transfer into male Rag1−/−

mice suggests that gonadal hormone exposure during development evokes changes in gene

expression or epigenetic modifications that are stable and resistant to change after exposure

to the alternative sex hormone milieu. An alternative explanation for the higher activation

potential of female T cells is that a subset of these female T cells may have been activated

by male Y-encoded antigens within Rag1−/−-M mice. While male T cells would have been

educated in the thymus by exposure to Y encoded antigens during development and would

be tolerant to them, female T cells would not be. Thus, female T cells may have become

activated by Y encoded antigens after adoptive transfer of female T cells into the male

host22. Finally, reports that the process of X-chromosome inactivation may be defective in T

cells during inflammation23 raises the possibility that sex differences in the sex chromosome

complement and differential expression of X or Y encoded genes contribute to sex

differences in the hypertension phenotype between CD3F→Rag1−/−-M and

CD3M→Rag1−/−-M. Indeed, we have previously shown sex chromosome effects contribute

to sex differences in susceptibility to hypertension10.

Only a few of the immune features that differed between CD3M→Rag1−/−-M and

CD3F→Rag1−/−-M mice correlated with hypertension development. First, male T cells

exhibited a higher frequency of pro-inflammatory-producing T cell subsets including

IL-17A and TNF-α in the spleen after adoptive transfer followed by two weeks of Ang II

infusion (Figure 4). Furthermore, sex differences were observed in Ang II stimulated

production of IL-17 by antigen-activated T cells in vitro (Figure 5). In the presence of

cytokines (IL-6 and TGFβ) known to induce Th17 polarization, Ang II promoted IL-17A

production in males but suppressed production of this cytokine in females. Together, our

data support previous studies that IL-17 protein expression is increased in the aorta during

hypertension and that Ang II-induced hypertension is not sustained in IL17A−/− knockout

mice24. These latter studies also demonstrated that T cell infiltration is reduced in aortae

from IL-17−/− mice after Ang II infusion24. The mechanisms by which IL-17 modulates BP

are not completely understood though some studies suggest IL-17 mediates Ang II-

dependent hypertension by activating the RhoA/Rho-kinase25 and prostaglandin I2
26
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pathways resulting in superoxide production11. Other studies implicate involvement of TNF

production by Th17 cells and TNF-dependent signaling via p38/MAP kinase27. It is unclear

why we did not observe evidence of an enhanced Th17-inflammatory response in the kidney

or PVAT in CD3M→Rag1−/−-M mice (Figure 6). One possibility is Th17 inflammation in

these tissues occurred earlier during the two week course of Ang II infusion. Alternatively,

Th17 inflammation may have occurred at another site that we did not investigate in our

study, such as the brain.

The literature on TNF contributions to the development of hypertension is more complex.

Higher circulating levels of TNF have been reported in patients with hypertension and

reducing both systolic and diastolic blood pressure in these patients with the AT1R

antagonist valsartan was shown to significantly reduce serum levels of TNF28. Furthermore,

TNF has been implicated as a pathogenic cytokine in animal models of hypertension. Ang

II-induced hypertension in Rag1−/−-M mice after adoptive transfer of male T cells increased

T lymphocyte production of TNF while treatment with the TNF antagonist etanercept

prevented the development of hypertension in these mice3.

Some other studies, however, do not support a role for TNF in hypertension. While the

AT1R antagonist losartan significantly reduced arterial pressure in a study of patients with

uncomplicated mild hypertension, there were no detectable effects on plasma levels of

TNF29. Furthermore, TNF inhibition reduced renal injury in DOCA-salt hypertensive rats

without any effect on blood pressure30 and no differences in circulating TNF were detected

between the spontaneously hypertensive male rat and its Wistar Kyoto control31. Thus, the

contribution of TNF to hypertension may depend upon the stage or state of hypertension and

could be masked due to the presence of other contributing or co-linked factors such as IL-17

production by a TNF-producing Th17 cell.

The other immune feature that correlated with the pro-hypertensive male T cell was lower

IL-10 mRNA expression in the kidneys and lower plasma levels of IL-10 in

CD3M→Rag1−/−-M mice compared to CD3F→Rag1−/−-M mice after T cell adoptive

transfer and two weeks Ang II infusion. IL-10 is produced by both Treg and other regulatory

T cell and immune cell populations and has a well-established protective role against

hypertension development in males. For instance, co-infusion of the anti-inflammatory

cytokine IL-10 with Ang II significantly reduced the Ang II-induced increase in systolic BP

in WT-M mice32. Moreover, systemic overexpression of IL-10 reduced BP in the stroke-

prone spontaneously hypertensive male rat33 and the male Dahl salt-sensitive rat34 and

overexpression of IL-10 specifically in the paraventricular nucleus of the male mouse,

attenuated hypertension induced by chronic Ang II infusion35.

Reduced IL-10 expression in the kidney is likely not due to differences in Tregs, since

neither the frequency of FOXP3+ T cells or FOXP3 mRNA expression were lower in this

tissue in CD3M→Rag1−/−-M mice compared to CD3F→Rag1−/−-M mice (Table 2). IL-10 is

produced by M2-type (anti-inflammatory) macrophages36 and also by other T cell types,

including Tr1 cells, which is a type of T regulatory cell that only transiently expresses

FOXP3, but produces high levels of IL-10, TGF-β and lytic molecules such as granzyme B

and perforin37. In addition, T helper cells (Th1, Th17, and Th2 cells) all have the potential to
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produce IL-10 at late stages of the immune response. The production of IL-10 by these cells

is thought to be a mechanism of resolving inflammation and limiting tissue damage.

Therefore, our finding of lower IL-10 expression in the kidney after adoptive transfer of

male compared to female T cells in the Rag1−/−-M may reflect less-effective “damage-

control” mechanisms in the male compared to the female T cell population.

In conclusion, we have shown striking sex-specific differences in the T cell immune

response within the male hormonal milieu that correlate with sex-specific T cell modulation

of Ang II-dependent hypertension. Adoptive transfer of female T cells had no effect on Ang

II-induced hypertension in the male Rag1−/− host. Thus, the male T cell population amplifies

blood pressure responses to Ang II under conditions in which the female T cell population

does not contribute to arterial pressure elevation.

Perspectives

These studies demonstrate that immune mechanisms, which contribute to hypertension in

the male are not readily extrapolated to the female. Therefore, the role of one's sex needs to

be considered in studies investigating immune mechanisms of hypertension to fully

understand contributions of the adaptive immune response and the balance between pro- and

anti-inflammatory cytokine signaling in hypertension if we are to exploit this knowledge for

optimizing therapy in both men and women. These findings also underscore the need for

investigators who study basic science mechanisms in male animals to acknowledge the

caveat that mechanisms determined in male animal models of disease may not be relevant to

females and thus, basic research into the physiology and pathophysiology of disease needs

to be carried out in both sexes38.
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Novelty and Significance

What Is New?

Using a classic well-studied model of hypertension (i.e., Ang II infusion), the sex of the

T cell was shown to be the determining biological factor in susceptibility to hypertension.

That is, we show for the first time that the sex of the T cell can be the sole difference

between a hypertensive and normotensive mouse. This is the first report demonstrating

that CD3+ T cell augmentation of Ang II-induced hypertension is dependent upon the sex

of the T cell. Female CD3+ T cells did not augment Ang II-induced hypertension under

conditions in which male CD3+ T cells caused a robust increase in mean arterial pressure.

Furthermore, we showed that the T cell inflammatory phenotype is sex-specific. Male T

cells exhibited a greater T-helper (Th)-17-biased inflammatory profile than female T

cells while female T cells displayed a greater Th-1-biased inflammatory profile compared

to male T cells.

What Is Relevant?

This study demonstrates that the immune mechanisms reported in the literature to

contribute to Ang II-dependent hypertension are, at least in part, sex-specific. Therefore,

the role of one's sex needs to be considered in studies investigating immune mechanisms

of hypertension to fully understand contributions of the adaptive immune response and

the balance between pro- and anti-inflammatory cytokine signaling in hypertension if we

are to exploit this knowledge for optimizing therapy in both sexes.

Summary

This study indicates that the sex of the T cell is a major biological factor in determining

susceptibility to hypertension. Greater T cell infiltration into perivascular adipose tissue

and the kidneys associated with increased pressor responses to Ang II if the T cell donor

was male, but not female, and sex differences in T cell subset expansion and tissue

infiltration were maintained for several weeks within the male host. Thus, the role of the

immune system in blood pressure regulation markedly differs between the sexes. These

findings provide an explanation for why females are protected from the onset of

hypertension compared to men. This study also illustrates how basic science mechanisms

conducted in males are not necessarily extrapolatable to the female. Thus, the adaptive

immune response and role of pro- and anti-inflammatory cytokine signaling in

hypertension is distinct between the sexes and needs to be understood to improve

therapeutics for hypertension-associated disease in both men and women.
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Figure 1. Effect of the sex of the animal on MAP and HR responses to Ang II in WT and Rag1−/−

mice
Shown is MAP (A, C) and HR (B, D) as a function of time in female (triangle) and male

(square) WT (opened symbol) and Rag1−/− (closed symbol) mice after Ang II infusion (490

ng/kg/min). WT-M (n=6); WT-F (n=9);Rag1−/−-M (n=7);Rag1−/−-M-F (n=6). See text for

statistical comparisons.
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Figure 2. Effect of the sex of the T cell donor on MAP and HR responses to Ang II in the male
Rag1−/− host during Ang II infusion
Shown is MAP (A) and HR (B) as a function of time in Rag1−/−-M (closed square; n=13/

group) and in Rag1−/−-M after adoptive transfer of T cells isolated from female (open circle;

CD3F→Rag1−/−-M; n=19/group) or male (closed diamond; CD3M→Rag1−/−-M; n=13/

group) WT mouse spleens. See text for statistical comparisons.
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Figure 3. Effect of the sex of the T cell donor on the number and frequency of T cell populations
in PBMC isolated from the male Rag1−/− host after adoptive transfer and Ang II infusion
Shown are the number and frequency of CD3+ (A & B), CD4+ (C & D) and CD8+ (E & F) T

cells in PBMC from Rag1−/−-M mice after adoptive transfer of CD3+ T cells isolated from

female (white bar) or male (black bar) WT mouse spleens followed by two weeks of Ang II

infusion. The data were analyzed by t-test; *P<0.05 vs. CD3F→Rag1−/−-M; n=7/group.

Ji et al. Page 17

Hypertension. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Effect of the sex of the T cell donor on the frequency of T cell subsets in splenocytes
isolated from Rag1−/−-M after adoptive transfer and Ang II infusion
Shown is the mean ± SEM of the frequency of TNF-α-, IL-10-, IL-17- producing and CD69-

and Treg- expressing T cell subsets in Rag1−/−-M splenocytes after adoptive transfer of

female (white bar) or male (black bar) T cells and two weeks of Ang II infusion (A).

Representative images from flow cytometry are shown for CD3F-Rag1-M (B) and CD3M-

Rag1-F (C) mice for T cell subsets quantitated in A. The data were analyzed by t-test;

*P<0.05 vs. CD3F→Rag1−/−-M; n=7/group.
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Figure 5. Effect of the sex of the T cell on Th17 polarizing T cell responses to Ang II
Lymph node mononuclear cells were harvested from male and female WT mice (N=5/

group) and stimulated with anti-CD3 and anti-CD28 under Th0 (no added cytokines) (A&C)

or under Th17-polarization conditions (treatment with IL-6, TGFβ, anti-IL-4 and anti-IFNγ)

(B&D) in the presence of vehicle (water) or Ang II (100 nM). Cytokine production by

lymph node cells was measured using cytokine ELISA kits (A&B) and intracellular cytokine

analyses (C&D). Cytokine levels are expressed as means ± SEM in triplicate cultures

(A&B) or as the frequencies of cytokine producing cells in the live CD4+ gate in pooled
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cells from triplicate cultures (C&D); Cytokine gates were set using fluorescence minus one

controls. Cytokine data were analyzed by two-way ANOVA to identify sex by treatment

interactions. This was followed by one-way ANOVA and Tukey post-hoc test to determine

individual differences between groups. *P≤0.05 vs. vehicle, same sex.
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Figure 6. Effect of the sex of the T cell donor on CD4+ T cell infiltration into PVAT and kidneys
of Rag1−/−-M mice after adoptive transfer and Ang II infusion
Shown are representative images of CD4+ immunofluorescence in PVAT (left panel) or

kidney (right panel) sections from Rag1−/−-M male mice after adoptive transfer of T cells

isolated from male or female WT mouse spleens and two weeks of Ang II infusion.
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Table 1

Effect of the sex of the T cell donor on the number of CD4+, CD4+FOXP3+ Treg and CD8+ infiltrating T cells

in PVAT and kidney tissue sections from male ag1−/−-M mice after adoptive transfer and Ang II infusion

T cell Subset
WT-M
+ Veh
(n=5)

WT-M
+ Ang II

(n=6)

CD3M→Rag1−/−-M
+ Ang II

(n=7)

CD3F →Rag1−/−-M
+ Ang II

(n=7)

PVAT

CD4+ 2.5 ± 0.4 20 ± 4† 6.7 ± 2 14 ± 2*

CD4+FOXP3+ 3.5 ± 0.4 11 ± 1† 10 ± 1 9.0 ± 1

CD8+ 2.8 ± 0.8 22 ± 4† 6.6 ± 2 9.3 ± 1*

Kidney

CD4+ 5.3 ± 1 14 ± 1† 6.9 ± 1 6.4 ± 0.9

CD4+FOXP3+ 4.0 ± 1 12 ± 1 7.7 ± 1 7.4 ± 1

CD8+ 7.0 ± 1
19 ± 3

† 9.2 ± 0.4 11 ± 1

The data were analyzed by t-test;

*
p<0.05 compared to CD3M→Rag1−/−-M + Ang II, same tissue and genotype;

†
p<0.05 compared to vehicle (Veh), same tissue and genotype
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Table 2

Effect of the sex of the T donor on renal mRNA expression in the male Rag1−/− host after adoptive transfer

and Ang II infusion

Renal mRNA
CD3M →Rag1−/−-M

+ Ang II
Mean ± SE

CD3F→Rag1−/−-M
+ Ang II

Mean ± SE

FOXP3 0.99 ± 0.08 1.4 ± 0.1**

CCL5 1.5 ± 0.2 2.5 ± 0.4*

IFN-γ 1.3 ± 0.3 3.1 ± 0.6*

MCP-1 0.83 ± 0.2 1.6 ± 0.3*

IL-2 1.6 ± 0.2 2.8 ± 0.3**

IL-6 0.64 ± 0.08 1.0 ± 0.1*

IL-10 0.59 ± 0.1 1.44 ± 0.2**

IL-17A 0.95 ± 0.2 1.9 ± 0.4

AT1R 0.93 ± 0.06 1.1 ± 0.06

AT2R 0.50 ± 0.1 0.93 ± 0.1*

The data were analyzed by t-test;

*
P<0.05,

**
P<0.01 compared to CD3M→Rag1−/−-M; n = 6/group.
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