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Abstract

Background: Obesity-related hypertension is a common disorder, and attempts to combat the
underlying obesity are often unsuccessful. We previously revealed that mice globally deficient in
the inhibitory IgG receptor FcyRIIB are protected from obesity-induced hypertension. However,
how FcyRIIB participates is unknown. Studies were designed to determine if alterations in 19G
contribute to the pathogenesis of obesity-induced hypertension.

Methods: Involvement of IgG was studied using 1gG u heavy chain-null mice deficient in mature
B cells, and by IgG transfer. Participation of FcryRIIB was interrogated in mice with global or
endothelial cell-specific deletion of the receptor. Obesity was induced by high fat diet (HFD) and
BP was measured by radiotelemetry or tail cuff. The relative sialylation of the Fc glycan on mouse
IgG, which influences IgG activation of Fc receptors, was evaluated by SNA-lectin blotting.
Effects of 1gG on endothelial NO synthase (eNOS) were assessed in human aortic endothelial
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cells. IgG Fc glycan sialylation was interrogated in 3442 human subjects by mass spectrometry,
and the relationship between sialylation and BP was evaluated. Effects of normalizing 1gG
sialylation were determined in HFD-fed mice administered the sialic acid precursor N-acetyl-D-
mannosamine (ManNAC).

Results: Mice deficient in B cells were protected from obesity-induced hypertension. Compared
to 1gG from control chow-fed mice, 1gG from HFD-fed mice was hyposialylated, and it raised BP
when transferred to recipients lacking 1gG; the hypertensive response was absent if recipients were
FcyRIIB-deficient. Neuraminidase (NA)-treated IgG lacking the Fc glycan terminal sialic acid
also raised BP. In cultured endothelial cells, via FcyRIIB, 1gG from HFD-fed mice and NA-treated
IgG inhibited VEGF activation of eNOS by altering eNOS phosphorylation. In humans obesity
was associated with lower IgG sialylation, and systolic BP was inversely related to 1gG sialylation.
Mice deficient in FcyRIIB in endothelium were protected from obesity-induced hypertension.
Furthermore, in HFD-fed mice, ManNAc normalized 1gG sialylation and prevented obesity-
induced hypertension.

Conclusions: Hyposialylated 1gG and FcyRIIB in endothelium are critically involved in
obesity-induced hypertension in mice, and supportive evidence was obtained in humans.
Interventions targeting these mechanisms, such as ManNAc supplementation, may provide novel
means to break the link between obesity and hypertension.
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Introduction

It is well-recognized that obesity is a major risk factor for hypertension, with obesity

underlying up to 75% of cases of primary, or essential, hypertension(1). Worldwide there are

more than 2.5 billion adults who are obese (body mass index or BMI > 30 kg/m?) or
overweight (BMI > 25 kg/m?2), and in the United States 65% of adults are overweight and
36% are obese(2). Regrettably attempts to combat the underlying obesity, which focus on
exercise and diet, are often insufficiently successful in the long-term(3). Furthermore,
obesity often results in hypertension that is not responsive to single agent therapy(4). Most
importantly, hypertension is the number one underlying cause of stroke, and it greatly
increases the risk of coronary heart disease and chronic kidney disease(5). Therefore, there
is a dire need for new strategies to prevent or treat obesity-related hypertension.

The basis for obesity-induced hypertension has been intensely studied, and the primary
underlying processes which are currently favored relate to increases in renal tubular sodium
resorption, in renin-angiotensin system activation, and in sympathetic nervous system
activity(1; 6). We previously revealed that mice globally deficient in the inhibitory IgG
receptor FcyRIIB are protected from the blood pressure (BP) elevation that accompanies
high fat diet-induced obesity(7). However, how FcyRIIB participates in obesity-induced
hypertension is unknown.
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In recent studies of obesity-induced insulin resistance in mice, with corroborating findings in
human type 2 diabetics, we made the surprising discovery that the insulin resistance is
driven by an altered post-translational modification in 1gG that leads to enhanced activation
of FcyRIIB in endothelial cells. As a result, there is an attenuation in insulin transcytosis
across endothelial cells and delivery to skeletal muscle myocytes where up to 80% of
glucose disposal occurs(8). Based on these findings and our prior work implicating FcyRIIB
in obesity-induced hypertension(7), in the present project we employed mice to test the
hypothesis that 1gG participates in obesity-induced hypertension. Additional experiments
were performed to address the following questions: 1) Does the involvement of 1gG entail
the hyposialylation of the glycan bound to Asn297 in the 1gG Fc region, which increases the
affinity of Fc receptors for 1IgG(9); 2) Is there evidence of an inverse relationship between
relative 1gG Fc sialylation and BP in humans? 3) Is the hypertensive action of 1gG in obesity
in mice mediated by FcyRIIB, particularly FcyRIIB in endothelial cells; and 4) Does
normalization of 1gG sialylation in mice prevent obesity-induced hypertension?

The data and analytical methods will be made available to any researchers for purposes of
reproducing the results or replicating the procedure. Information regarding materials will be
made available to any interested researchers upon request.

Animal Model

All experiments were performed in male C57BL/6 mice. To study the role of B lymphocytes
in obesity-induced hypertension, 19G p heavy chain-null mice, designated B™/~, were
employed. To evaluate involvement of the inhibitory IgG receptor FcyRIIB in responses to
administered IgG, B~~ mice were crossed with FcyRIIB™~ mice, and the effects of 1gG
were compared in resulting B~;FcyRIIB** and B™/~;FcyRIIB~/~ male offspring. The
participation of endothelial FcyRIIB was assessed by comparing findings in FcyRIIB floxed
mice (FcyRIIBT/fy serving as controls and mice lacking the receptor selectively in
endothelial cells, designated FcyRIIBAEC (10). The mice received either a control diet
(CON) (Research Diets, Inc. D12329, with 11 kcal% fat) or a high fat diet (HFD) (Research
Diets, Inc. D12331, with 58 kcal% fat) beginning at 4-5 weeks of age. All mice were
maintained in animal facilities with a 12 hour light and 12 hour dark cycle.

In experiments determining the effects of 1gG, total IgG isolated from either control diet-fed
or HFD-fed donor mice was injected intraperitoneally (150ug/dose) twice a week into
recipient B~ mice. To assess the effects of transfer of hyposialylated IgG, the terminal
sialic acid was removed by treatment of control total 1gG (500 ug) with neuraminidase (NA,
100units in 0.05M sodium citrate buffer, pH 6.0 at 37°C for 20h). Although a specific 1gG
subclass was determined to be hyposialylated in mice with diet-induced obesity, limitations
in the abundance of separately-isolated 1gG subclasses precluded their use in IgG transfer
studies. The regimen for IgG transfer mirrored the approach used in prior studies(8,11). In
initial studies the decline in 1gG following a single dose administered to B™~ mice was
evaluated (Suppl. Fig. 1). The half-life of control, HFD and NA-treated 1gG was similar,
with mean values ranging from 4.9 to 6.7 days. In studies of the sialic acid precursor N-
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acetyl-D-mannosamine (ManNAc), mice received drinking water alone or drinking water
containing ManNAc (1%)(8). The care and use of mice was approved by the Institutional
Animal Care and Use Committee at the University of Texas Southwestern Medical Center.

Blood Pressure (BP) Measurement by Radiotelemetry

In experiments determining the role of B cells in obesity-induced hypertension,
radiotelemetry was performed as described previously(12) (7). After maintenance on control
chow postweaning, instrumentation was done at 21 weeks of age, and following recovery
baseline BP measurements were made 3 weeks later. One week thereafter the diet was
switched to HFD, and BP measurements were repeated following 12 weeks of HFD feeding.
The instrumentation entailed anesthetization with isofluorane and placement of a left carotid
artery catheter and a radiotelemetry device (PA-C10, Data Sciences International, St. Paul,
MN). During recording periods the BP, heart rate, and activity were recorded over 10sec
duration every 15min, and values were averaged over 1h. In our prior radiotelemetry studies
with comparable diets and design, hypertension was demonstrated in HFD-fed mice relative
to control chow-fed mice(7).

Tail Cuff Blood Pressure (BP) Measurement

Tail cuff systolic BP (SBP) measurements were done using a Visitech System BP-2000
Series 11 (Apex, NC) BP monitor. Tail cuff SBP measurements were necessary in the 1gG
transfer experiments because the restraining required to administer 1gG disrupted the
internalized hardware in mice instrumented for radiotelemetry. Mice received tail cuff BP
measurement training for 5 days following 12—-14 weeks of control chow or HFD feeding,
undergoing 20 measurements over a 30 min period each day. Four weeks later the mice
underwent a repeat 4 day training period and on the following day (day 5) the mean of the
last 10 readings was recorded as the SBP value for a given mouse. In our prior studies with
comparable diets and design, an elevation in SBP in HFD-fed mice relative to control chow-
fed mice was readily observed with tail cuff measurements(7).

IgG Isolation and SNA Lectin Blotting

Total 19G was isolated from control chow versus HFD-fed mice using Melon Gel IgG
Purification Resin (Pierce Biotechnology). In evaluations of the terminal sialylation of the
Fc glycan on mouse IgG, the three subclasses of mouse IgG that bind to FcyRIIB, 1gG1,
1gG2b and 1gG2c, were obtained(8). Relative terminal sialylation was then assessed by
lectin blotting using SNA (Vector Laboratories), which binds specifically to sialic acid
attached to terminal galactose via a—2-6 linkage(8).

IgG Sialylation, FcyRIIB and NO Synthase Activity in Human Endothelial Cells

To determine how IgG impacts VEGF activation of endothelial NO synthase (eNOS),
experiments were performed in primary human aortic endothelial cells (HAEC)(8). Cells
were preincubated with IgG isolated from control chow versus HFD-fed mice for 20 min
(10ug/ml), and VEGF (100ng/ml) activation of eNOS was then evaluated in the continued
presence of the IgG by measuring 14C-L-arginine conversion to 14C-L-citrulline during a
30min incubation(13). To assess the role of 1gG hyposialylation in eNOS antagonism,
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HAEC were incubated with control versus NA-treated total 1gG from chow-fed mice;
limitations in the abundance of separately-isolated 1gG subclasses precluded their use. In
additional experiments the impact of control, HFD and NA-treated 1gG on eNOS expression
was evaluated following 48h treatment by immunoblotting, and acute effects on changes in
eNOS Ser1177 and Thr495 phosphorylation in response to VEGF were also assessed by
immunoblotting (14). To determine the role of FcyRIIB, additional studies were done in
which HAEC were transfected 48h earlier with either control siRNA (Dharmacon) or
FcyRIIB-targeting siRNA (Thermo Fisher Scientific, s5074; sense:
CAACAUUCUGUUUACCUUULt; antisense: AAAGGUAAACAGAAUGUUGHY).

IgG Fc Glycan Sialylation and BP in Human Subjects

The relationship between 1gG Fc glycan sialylation and BP in humans was evaluated using
data from the Croatian national biobank “10,001 Dalmatians”. A total of 3442 adult
volunteers 18 or more years of age were studied. They were recruited from the island of
Korcula (n=951), the village of Smokvica (n=710), the island of Vis (h=794), and the city of
Split (n=987). The subjects gave written informed consent, and the study was approved by
the following human research committees: Multi-Centre Research Ethics Committee for
Scotland (MREC/1/0/71), Ethics Committee of the Faculty of Medicine, Andrija Stampar
School of Public Health, Zagreb, Croatia (reference 018057), University of Zagreb, School
of Medicine, Ethics Committee (humber 04-1097-2006), Lothian NHS Board (South East
Scotland Research Ethics committees; REC 11/AL/0222), and the University of Split,
School of Medicine, Ethics Committee (ref. 003-08/11-03/0005). BP was measured by
trained clinical staff using a mercury-based sphygnomanometer while sitting with the
forearm at heart level after 10 min of resting during two separate clinic visits (n=2,491) or
on one occasion (n=951). During each visit BP was measured twice and the readings were
averaged, and when BP was measured on two separate clinic visits, readings were also
averaged. On a weekly basis BP measurements were validated against a mannequin arm and
drift analysis was performed. The N-glycan profile of the Fc region of 1IgG was determined
using liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-
MS)(15; 16), and findings for the N-glycome of the most abundant isoform of 1gG, 1gG1,
were used in the analysis.

Statistical Analysis

Statistical analysis for the studies performed in mice or in cell culture was performed using
Student’s t tests to compare mean values of two groups, and using ANOVA to compare
means of three or more groups. Tukey’s multiple comparison test was used for post-hoc
analysis. GraphPad Prism7 software was employed. Differences were considered significant
at p<0.05.

In the analysis of the LC-ESI-MS glycan data, to remove technical variation the data were
normalized by total chromatogram area, log-transformed and batch corrected using ComBat
method (R package “sva”). The percentage of sialylation was calculated as the sum of the
glycan peaks with sialylated structures (after normalization and batch correction). In
addition, prior to statistical modeling the percentage of sialylation was transformed to
standard normal distribution by inverse transformation of ranks to normality (R package
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“GenABEL”). To evaluate the factors that impact 1gG sialylation, a mixed model was fitted;
sialylation was the dependent variable and the independent variables were sex, age, presence
versus absence of antihypertensive therapy, and BMI, and the recruitment location was
modelled as a random factor to account for stratified sampling. The relationship between
sialylation and systolic BP (SBP) and diastolic BP (DBP) was then evaluated in subjects not
on antihypertensive medication (n= 2514) using a stepwise mixed modeling method. A
series of four nested models had SBP or DBP as the dependent variable, and sialylation
(Model 1), sialylation and sex (Model 2), sialylation and sex and age (Model 3), and
sialylation and sex and age and BMI (Model 4) as independent variables, and recruitment
site as a random factors (all models).

To initially determine the potential role of IgG in obesity-induced hypertension, studies were
performed in control B*/* mice and B/~ mice lacking mature B cells and 1gG production.
The mice were instrumented for radiotelemetry, baseline BP was measured 3 weeks later, the
mice were switched to HFD, and BP was remeasured after 12 weeks of HFD intake. Body
weights were similar in B** and B~ mice at baseline, both groups gained weight with
HFD feeding, and after 12 weeks of HFD the weights were also similar (Fig. 1A). Systolic
BP (SBP) was comparable in the two genotype groups at baseline, and the expected diurnal
variation was observed (Fig. 1B,C). In wild-type B*/* mice, HFD feeding resulted in an
increase in SBP during both light and dark cycles. In contrast, in B™~ mice, despite weight
gain equal to that of wild-type controls, there was no increase in SBP with HFD feeding.
Parallel observations were made for diastolic BP (DBP, Fig. 1D,E) and for mean arterial
pressure (MAP, Fig. 1F,G). However, the increase in heartrate with diet-induced obesity
occurred similarly in the two genotype groups (Fig. 1H,1). Thus, B cell-deficient mice
incapable of 1gG production are protected from obesity-induced hypertension but not from
obesity-induced tachycardia.

To further determine if IgG participates in obesity-induced hypertension, 1gG transfer
experiments were performed in mice that underwent tail cuff SBP measurements. B™~ mice,
which are protected from obesity-induced hypertension (Fig. 1), were placed on HFD at
weaning, and beginning 12-14 weeks later the mice received IP injections of IgG from
control chow-fed versus HFD-fed mice twice a week. SBP was evaluated 4 weeks later. At
that time body weights were similar in the control IgG and HFD IgG groups (Fig. 2A).
However, SBP was greater in the mice who received HFD 1gG (Fig. 2B). As such, 1gG from
mice with diet-induced obesity invokes an increase in BP when transferred into recipient
mice incapable of IgG production. When combined with the results in Fig. 1, these findings
indicate that 1gG plays an important role in obesity-induced hypertension.

Role of IgG Hyposialylation

We previously demonstrated that the inhibitory 1gG receptor FcyRIIB participates in
obesity-induced hypertension(7). The binding affinity of 1gG for Fc receptors is influenced
by the relative sialylation of the glycan bound to Asn297 in the Fc region of 1gG(9), and in
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mice the 1gG1, 1gG2b and 1gG2c subclasses bind to FcyRIIB(17). To further understand
how 1gG participates in obesity-induced hypertension, we assessed the degree of sialylation
of these IgG subclasses isolated from total 1gG from control chow- versus HFD-fed mice.
Paralleling our prior observations(8), whereas SNA lectin blotting revealed that the relative
sialylation of the glycan on IgG1 and on 1gG2b was similar for control chow- and HFD-fed
mice, compared with 1gG2c from control chow-fed mice, 1gG2c from HFD-fed mice was
hyposialylated (Fig. 2C-F).

To determine if the hyposialylation of 1gG participates in obesity-induced hypertension, 1gG
transfer experiments were performed administering either control-treated or neuraminidase
(NA)-treated 1gG to B~ mice lacking endogenous 1gG production. Fig. 3A shows an SNA-
lectin blot demonstrating effective loss of sialic acid from the 19G Fc glycan with NA
treatment, which is illustrated in Fig. 3B. Following the period of 1gG injection, body
weights were similar in the control IgG and NA IgG groups (Fig. 3C). However, SBP was
greater in the mice who received NA-1gG (Fig. 3D).

In prior work we discovered that 19G from HFD-fed mice inhibits eNOS activation by
VEGF. However, the characteristic(s) of the HFD IgG responsible and the mechanisms
underlying the inhibition of VEGF action remained unknown(7). We evaluated how 1gG
hyposialylated by NA treatment impacts VEGF stimulation of eNOS in HAEC, and we
determined the role of FcyRIIB in the actions of HFD 1gG and NA 1gG. Whereas VEGF
activation of eNOS was unchanged in cells exposed to control 1gG, the activation was fully
attenuated in a parallel manner in cells treated with HFD IgG or NA 1gG (Fig. 4A). Similar
findings were obtained in SiRNA control cells expressing endogenous FcyRIIB (Fig. 4B,C).
In contrast, the knockdown of FcyRIIB prevented the inhibition of eNOS activation by
VEGF caused by either HFD IgG or NA IgG. The effects of HFD IgG and NA-treated 1gG
on eNOS did not entail changes in eNOS expression (Fig. 4D,E). Instead, they involved
blunting of VEGF-induced eNOS Ser1177 phosphorylation and eNOS Thr 495
dephosphorylation (Fig. 4F—H). Thus, hyposialylated 1gG antagonizes VEGF activation of
eNOS via effects on enzyme phosphorylation, and the effects of purposefully hyposialylated
IgG both in culture and in vivo paralleled those observed with 1gG from HFD-fed mice.
Collectively these findings reveal that IgG hyposialylation contributes to obesity-induced
hypertension.

IgG Sialylation and BP in Humans

The human subjects ranged in age from 18 to 98, 39% were males and 61% were females,
and 27% percent (928 of 3442) were on antihypertensive agents. Twenty-nine percent had a
BMI less than 25, 44% were overweight with a BMI greater than or equal to 25 and less than
30, and 26% were obese with a BMI greater than or equal to 30.

A number of factors were found to be associated with the relative degree of 1gG Fc glycan
sialylation (Fig 5A). There was a trend for greater sialylation in females versus males
(p=0.055), and an inverse relationship between age and 1gG sialylation, with sialylation
decreased by 0.025 SD with each 1 year increase in age. Of particular relevance to the
present study, there was also an inverse relationship between BMI and IgG sialylation, with
sialylation decreased by 0.019 SD with each increase of BMI by 1 unit. This association
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between obesity and lower IgG Fc glycan sialylation in humans is consistent with what we
have observed in HFD-fed versus control chow-fed mice (Fig. 2). Furthermore, subjects on
antihypertensive medications had 0.07 SD lower sialylation than those not on such
medications. If one considers hypertension treatment as an identifier of hypertensive
subjects, this finding is in agreement with prior reports in humans of an association between
hyposialylation and hypertension(18-20).

To evaluate the association between IgG sialylation and BP, analysis was limited to the 2514
subjects not receiving antihypertensive therapy, thereby avoiding confounding by the
influence of such treatment on BP. Stepwise mixed modeling was performed to additionally
take into account the influences of sex, age and BMI, which impact 1gG sialylation (Fig. 5A)
and BP(21-23) (Fig. 5B). In the unadjusted model (Model 1), a 1 SD increase in 1gG
sialylation was associated with a 7.5 mmHg decline in SBP and a 2.7 mmHg decline in DBP.
Whereas the findings changed minimally with adjustment for sex (Model 2), following
adjustment for sex and age (Model 3), a 1 SD increase in IgG sialylation was associated with
a 2.3 mmHg decline in SBP and a 0.8 mmHg decline in DBP. In the fully-adjusted model
that additionally takes into account BMI (Model 4), a 1 SD increase in 1gG sialylation was
associated with a 1.5 mmHg lower SBP (p=0.001) and there was no significant association
between IgG sialylation and DBP (p=0.179). Thus, the data suggest that in humans that there
is an inverse relationship between obesity and 1gG sialylation, and an inverse relationship
between IgG sialylation and systolic BP.

Role of FcyRIIB

FcyRIIB is the sole inhibitory Fc receptor in both mice and humans(24). Its role in the BP
responses to 1gG isolated from HFD-fed mice was evaluated in IgG transfer studies in which
the recipients were either B~ or B/~;FcyRIIB~/~. Following HFD IgG administration the
body weights were similar in the two genotype groups (Fig. 6A). However, SBP was lower
in the mice lacking FcyRIIB (Fig. 6B). In fact, the deletion of FcyRIIB in B~/~ background
mice yielded SBP values despite HFD 1gG administration that mirrored the levels observed
in B/~ recipients of control 1gG (Fig. 2B). Thus, the elevation in systolic blood pressure
caused by HFD IgG is mediated by FcyRIIB.

Next the cell type in which FcyRIIB contributes to obesity-induced hypertension was
elucidated using FcyRIIB floxed mice. In FcyRIIBf controls there was a predictable
increase in bodyweight with HFD feeding versus control chow feeding, and mice lacking
FcyRIIB exclusively in endothelial cells (FcyRIIBAEC) displayed comparable weight gain
on HFD (Fig. 6C). However, whereas diet-induced obesity caused systolic hypertension in
the FcyRIIBT/ controls, despite identical weight gain the development of systolic
hypertension was absent in FcyRIIB2EC (Fig. 6D). Thus, FcyRIIB in endothelium is
critically involved in obesity-induced hypertension.

Prevention of Obesity-induced Hypertension

Having revealed a key role for IgG hyposialyation in obesity-induced hypertension (Fig.
2,3), it was then determined how the normalization of IgG sialylation would impact the
development of the disorder. This was accomplished by providing supplementation with the

Circulation. Author manuscript; available in PMC 2020 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peng et al.

Page 9

sialic acid precursor N-acetyl-D-mannosamine (ManNAc). Mice administered ManNAc had
weight gain on HFD that mirrored that obtained in mice receiving drinking water alone (Fig.
7A), and the supplementation caused an increase in the sialylation of the IgG glycan (Fig.
7B). Most importantly, ManNAc caused full prevention of obesity-induced systolic
hypertension (Fig. 7C). Thus, supplementation with the sialic acid precursor ManNAc
breaks the link between obesity and hypertension in mice.

Discussion

Obesity-related hypertension is a world-wide medical challenge that greatly increases the
risk of stroke, coronary heart disease and chronic renal failure(5). Its pathogenesis has been
primarily attributed to mechanisms involving the kidney and sympathetic nervous system(Z;
6). Based on our prior work implicating the inhibitory IgG receptor FcyRIIB in the disorder
and our more recent discovery of key participation of I1gG in obesity-induced insulin
resistance(7; 8), the present investigation set out to determine if alterations in 1IgG mediate
obesity-induced hypertension. We reveal that mice deficient in mature B cells, which thereby
do not produce 1gG, are protected from the disorder, and IgG transfer experiments then
directly implicated immunoglobulins, with 1gG from obese mice causing an increase in SBP
when transferred to recipients lacking endogenous 1gG. Hyposialylation of the Fc glycan on
1gG was determined to be the causal process, partnership between 1gG and FcyRIIB in
disease pathogenesis was shown, and the endothelium was determined to be the cell type in
which FcyRIIB is operative in obesity—induced hypertension. We additionally demonstrated
inverse relationships between BMI and IgG sialylation and between IgG sialylation and BP
in humans. Finally, the discovery regarding 1gG hypsialylation was leveraged to reveal an
entirely new approach to prevent the disorder by supplementation with the sialic acid
precursor ManNAc.

Fc receptors, including FcyRI1IB, mediate cellular responses to 1gG and also to pentraxins.
CRP is the acute phase reactant pentraxin in humans, and mice express CRP but their acute
phase reactant pentraxin is the highly homologous serum amyloid P component, or SAP(25).
We previously found that neither CRP nor SAP increase with diet-induced obesity in mice,
and total 1gG levels are also not elevated(7). In mice others have observed either no change
or an increase in total IgG with obesity, and in humans total IgG may rise with obesity and it
falls after weight loss following gastric banding(26-28). In studies of obesity-related insulin
resistance, we and others showed that B cell-deficient mice are protected from the disorder,
and whereas 1gG from lean control mice has no effect on insulin sensitivity when transferred
to obese B cell-deficient recipients, IgG from HFD-fed mice causes insulin resistance(8; 11).
In the present work we took the same two approaches and identified 1gG as a pathogenetic
factor in obesity-induced hypertension. In the broader category of essential hypertension, it
has been known for many years that individuals with hypertension of unknown primary
etiology have elevated 1gG levels(29). In addition, in mice B cell and T cell deficiency
results in blunted BP elevation in response to angiotensin 11(30; 31), the pharmacologic
depletion of B cells has the same impact, and the BP rise with angiotensin Il returns with
adoptive transfer of naive B cells, suggesting that responses to angiotensin Il are influenced
by T cell regulation by B cells(32). There is additionally evidence that autoantibodies
influence BP, with autoantigens that include receptors and ion channels, such as a;-
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adrenoreceptors, B1-adrenoreceptors, AT, receptors and L-type voltage-operated calcium
channels(29; 33). In contrast, we now implicate a post-translational modification of the Fc
region of IgG in BP modulation, demonstrating by gain-of-function and loss-of-function in
mice that there is a role for IgG hyposialylation in the genesis of obesity-induced
hypertension.

In the present work we have additionally evaluated the relationship between IgG Fc
sialylation and BP in human subjects. Prior studies have observed associations between 1gG
N-glycans and hypertension(18; 19), and a recent report comparing hypertensive and healthy
subjects (630 total subjects) in four northwestern Chinese minority populations found
relative Fc hyposialylation in the hypertensive individuals(20). In 3442 adult volunteers we
have determined that the relative degree of 1gG Fc glycan sialylation declines with greater
age and greater BMI, and there was a trend for greater sialylation in females versus males.
Consistent with prior studies of normotensive versus hypertensive subjects(18-20), we
found that individuals receiving hypertension treatment have lower Fc sialylation than
subjects not on antihypertensive therapy. Importantly, to evaluate the association between
IgG sialylation and BP in a manner that avoids confounding by the influence of
antihypertensive therapy, we then performed stepwise mixed modeling with data from the
2514 subjects not receiving such treatment. These analyses demonstrated that after
associations related to sex, age, and BMI are taken into account, there is an inverse
relationship between IgG sialylation and systolic BP. Each 1 SD increase in IgG sialylation
was associated with a 1.5 mmHg decrease in SBP. Across the spectrum of 1gG sialylation
from 2SD below to 2SD above the mean for the population this equates to a 6 mmHg
difference in SBP. Thus, we provide evidence that the connection between 1gG
hyposialylation and obesity-induced hypertension that we have identified in mice may be
operative in human hypertension.

Having found a key role for relative 1gG sialylation in obesity-induced hypertension,
mechanistic linkage of 19G and FcyRIIB was then queried. Recognizing that VEGF is
critically involved in endothelial regulation of vasomotor tone, as exemplified by the
hypertension that complicates VEGF inhibitor therapy(34), the linkage was first evaluated in
studies of eNOS activation by VEGF in primary human endothelial cells. VEGF stimulation
of eNOS enzymatic activity was potently inhibited by both IgG isolated from HFD-fed mice
and NA-treated IgG, it was related to an attenuation of VEGF-induced eNOS Ser1177
phosphorylation and eNOS Thr 495 dephosphorylation and not changes in eNOS
expression, and the inhibition was entirely dependent on FcyRIIB. In vivo linkage was
demonstrated in 1gG transfer experiments in which the elevation of SBP in response to HFD
1gG was negated in mice deficient in FcyRIIB. Since FcyRIIB is expressed in numerous cell
types, classically mediating immune responses in B cells, T cells, dendritic cells and
monocytes/macrophages(35), it was important to identify the cell type in which FcyRIIB is
operative in obesity-induced hypertension. Only recently has FcyRIIB expression and
modulation of cell function been demonstrated in endothelial cells(24,36). Using floxed
FcyRIIB mice, we found that obesity-induced hypertension is mediated by the receptor in
endothelium. This observation is consistent with our prior results in wild-type mice versus
mice globally deficient in FcyRIIB. In that work we demonstrated that FcyRIIB participates
in the hypertension but not in the tachycardia observed with obesity, with the heartrate
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change likely resulting from sympathetic nervous system activation(37), suggesting a
peripheral (non-CNS, non-sympathetic nervous system) site of action of FcyRIIB(7). In
parallel, we now demonstrate that B cells participate in the hypertension but not the
tachycardia observed with obesity, likely reflecting a peripheral, non-nervous system
location of B cell involvement. Thus, not only an important new ligand-receptor pair
operative in obesity-induced hypertension, but also the cellular site of their participation, has
been elucidated.

To date there is limited data regarding the potential involvement of FcyRIIB in hypertension
in humans. We previously identified a loss-of-function variant of human FcyRIIB that lacks
the capacity to antagonize eNOS in cultured endothelial cells. Prior to the current knowledge
regarding IgG sialylation and BP, a potential influence of the FcyRIIB variant on BP was
interrogated in subjects in the Dallas Heart Study with CRP levels greater than 2.0mg/L
(n=2069). The loss-of-function variant was associated with lower systolic BP(24). Thus, a
link between FcyRIIB and human hypertension may be emerging, and further interrogation
of 1gG sialylation, FcyRIIB, and their genetic determinants in the context of hypertension in
humans is now warranted.

Having demonstrated that the hyposialylation of the Fc glycan on 1gG plays an important
role in obesity-induced hypertension, we tested if the promotion of sialylation prevents the
hypertension. Without impacting weight gain, supplementation of the drinking water with
the sialic acid precursor ManNAc normalized 1gG sialylation and systolic blood pressure in
mice fed a HFD for 12 weeks. ManNAc supplementation is presently being considered in
individuals with the neuromuscular disorder hereditary inclusion body myopathy (HIBM),
which is due to mutations in the GNE gene that encodes ManNAc kinase, which catalyzes
the first two rate-limiting steps in sialic acid synthesis(38). ManNAc has been found to be
safe and well-tolerated by HIBM clinical study participants(39). In the present work in mice,
the prevention of obesity-induced hypertension by ManNAc normalization of 1gG sialylation
strengthens the evidence that 1gG hyposialylation underlies the disorder. As importantly, it
indicates that it may be possible to employ such supplementation to combat the hypertension
independent of efforts to target the underlying obesity.

There are numerous strengths of the present work. Multiple approaches were employed in
mice to implicate 1gG hyposialylation in obesity-induced hypetension, and in cell culture
detailed studies were performed to determine how altered IgG impacts eNOS activation. In
the human studies the factors that influence 1gG sialylation and the relationship between 1gG
sialylation and BP were interrogated in a large number of subjects, and the glycan analysis
was focused on the Fc region of IgG. One limitation is the requirement to use tail cuff
measurements in the mouse experiments with 1gG transfer because radiotelemetry was not
feasible in that context. In addition, the observations in humans were made only in a
Croatian population that is primarily Caucasian. The present findings prompt the need for
future studies in other ethnic and racial groups.

In light of our recent report that hyposialylated IgG activates endothelial FcryRIIB to
promote obesity-induced insulin resistance(8), the current findings indicate that the
hypertension and insulin resistance that complicate obesity likely have shared mechanistic
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origins. Our observations with endothelial FcyRIIB deletion and also with ManNAc
supplementation further reveal that the common pathogenetic processes can potentially be
targeted therapeutically with a single intervention to improve both cardiovascular and
metabolic health. As such, while continuing to pursue strategies to combat the obesity that
frequently underlies type 2 diabetes and hypertension, it may be possible to break the link
between the obesity and these two woefully common disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is New?

. Hyposialylation of the Fc glycan on IgG is identified as a key contributing
factor in obesity-induced hypertension.

. FcyRIIB, the inhibitory receptor for IgG, in endothelial cells is implicated in
obesity-induced hypertension.

. In mice, administration of the sialic acid precursor N-acetyl-D-mannosamine
(ManNAc) increases 1gG sialylation and prevents obesity-induced
hypertension.

. In humans, obesity is associated with lower sialylation of the Fc glycan on
1gG, and systolic BP is inversely related to 1gG Fc glycan sialylation.

What are the Clinical Implications?

. Low levels of 19G Fc glycan sialylation may identify individuals at greater
risk of developing hypertension.

. The degree of sialylation of 1gG may predict the relative response of an
individual to antihypertensive therapy.

. ManNAc supplementation and endothelial FcyRIIB blockade/inhibition
warrant study as potential interventions to break the link between obesity and
hypertension.
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Figure 1:
B cell deficiency provides protection from obesity-induced hypertension. Blood pressure

was measured by radiotelemetry at baseline and following 12 weeks of high fat diet (HFD)
feeding in wild-type mice with normal B cell abundance (B*/*) and in 1gG p heavy chain-
null mice, designated B~/~, which lack mature B cells and IgG production. Body weights
were similar in the two genotype groups at the start and after HFD feeding (A). B-C.
Systolic BP (SBP) recordings over 72h (B) and summary data during light and dark periods
(C). D-E. Diastolic BP (DBP) recordings over 72h (D) and summary data during light and
dark periods (E). F-G. Mean arterial pressure (MAP) recordings over 72h (F) and summary
data during light and dark periods (G). H-I. Heartrate (HR) recordings over 72h (H) and
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summary data during light and dark periods (I). Values in bar graphs are mean+SEM, n=7-8
per group, *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 2:

IgG isolated from high fat diet (HFD)-fed mice raises blood pressure in B~~ mice and is
hyposialylated. Male B™~ mice were fed a HFD for 12—14 weeks, and over the ensuing 4
weeks while remaining on HFD, they were i.p. injected with IgG (150ug/mouse, 2 times/
week) isolated from wild-type mice fed either a control diet (Con IgG) or a HFD (HFD
1gG). Body weight was determined (A), and the mice underwent systolic blood pressure
(SBP) measurements by tail cuff (B). In parallel studies the three subclasses of 1gG which
bind to FcyRIIB, 19G1, 1gG2b and 1gG2c¢ were isolated from control diet- and HFD-fed
mice and lectin blotting was performed using SNA (C-E, respectively). In F, the relative loss
of the terminal sialic acid bound to Asn297 on the Fc glycan of 1gG from HFD-fed mice is
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illustrated. All blots show findings for two samples per group. In A,B, values are mean
+SEM, n=11-12 per group, * p<0.05.
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Figure 3:

IgG hyposialylated by neuraminidase treatment raises blood pressure in B~'~ mice. 19G
isolated from control chow-fed mice was incubated with vehicle versus neuraminidase (NA)
to remove the terminal sialic acid from the Fc glycan, and SNA-lectin blotting was
performed (A). The blot shows findings for two samples per group. The NA treatment-
induced loss of sialic acid from the IgG glycan attached to Asn297 in the Fc region is
illustrated in B. Male B™'~ mice were fed a high fat diet (HFD) for 12—14 weeks, and over
the ensuing 4 weeks while remaining on HFD, they were i.p. injected with either the control-
treated 1gG (Con IgG, 150ug/mouse, 2 times/week) or NA-treated 1gG. Body weight was
determined (C), and the mice underwent systolic blood pressure (SBP) measurements by tail
cuff (D). Values are mean+SEM, n=14-15 per group, * p<0.05.
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Figure 4:
1gG from high fat diet (HFD)-fed mice and 1gG hyposialylated by neuraminidase treatment

inhibit eNOS activation by VEGF in human endothelial cells via FcyRIIB. A. 14C-L-
arginine conversion to 14C-L-citrulline under basal conditions or in response to VEGF
(100ng/ml) was measured in intact primary human aortic endothelial cells over 15min. The
effects of 1gG isolated from wild-type mice fed a control diet (Con 1gG) or HFD (HFD IgG),
or Con IgG treated with neuraminidase (NA) (NA IgG) were evaluated. B-C. Parallel
experiments were performed in cells transfected with either control siRNA or FcyRIIB-
targeting siRNA. Effective loss of FcyRIIB protein with siFcyRIIB transfection was
confirmed by immunoblot analysis, and findings for two samples per group are shown in B.
D-E. Total eNOS protein abundance was evaluated by immunoblot analysis following 48h
treatment with Con IgG, HFD IgG or NA IgG. Findings for 3 samples per group are shown
(D), and summary data are provided (E). F-H. Changes in eNOS Ser1177 and Thr495
phosphorylation in response to VEGF (100ng/ml) were evaluated by immunaoblot analysis in
cells treated with Con IgG, HFD IgG or NA IgG. Representative findings are shown (F) and
summary data are provided (G,H). In bar graphs values are mean+SEM, in G and H, n=4.
*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 5:

BP is negatively associated with the relative degree of 1gG Fc sialylation in humans. A.
Relationships between sex, age, BMI, use of antihypertensive medications and 1gG Fc
sialylation. The forest plots depict the change in sialylation in SD units (with 95% CI) for
females compared with males, for each 1 year increase in age, for each 1 kg/m? increase in
BMI, and for the presence versus absence of antihypertensive therapy. B. The relationship
between sialylation and systolic BP (SBP) and diastolic BP (DBP) was evaluated in subjects
not on antihypertensive medication (n= 2514) using a stepwise mixed modeling method. The
forest plots depict the change in BP in mmHg (with 95% CI) for each 1 SD unit increase in
sialylation. P value is the probability of observing an effect of this size assuming the true
effect is zero (indicated by dashed vertical line).
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Figure 6:

IgG isolated from high fat diet (HFD)-fed mice raises blood pressure via FcyRIIB, and
endothelial FcyRIIB mediates obesity-induced hypertension. Male B~ and B~~;FcyRIIB
=/~ mice were fed a HFD for 12-14 weeks, and over the ensuing 4 weeks while remaining on
HFD, they were i.p. injected with 1gG (150pg/mouse, 2 times/week) isolated from wild-type
mice fed a HFD. Body weight was determined (A), and systolic blood pressure (SBP) was
measured by tail cuff (B). In studies of FcyRIIB in endothelium, male control floxed
FcyRIIB mice (FcyRIIB™/M) and mice lacking the receptor selectively in endothelial cells
(FcyRIIBAEC) were placed on control chow (Con) or high fat diet (HFD) for 12 weeks, body
weight was determined (C), and SBP was measured (D). Values are mean=SEM. N=8-11
per group (A,B), and n=17-19 per group (C,D). *p<0.05, *** p<0.001, **** p<0.0001.
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Figure 7:

ManNAc supplementation protects mice from obesity-induced hypertension. Male wild-type
mice were placed on control chow (Con) or high fat diet (HFD) for 16 weeks, and during
that time the HFD-fed mice received either regular drinking water or ManNAc-
supplemented drinking water. Body weight was measured every 4 weeks (A). Plasma IgG
was isolated, and its sialylation was evaluated by SNA-lectin blotting (B). Graph depicts the
relative sialylation. Systolic blood pressure (SBP) was measured by tail cuff (C). Values are
mean=SEM, n=8 per group. In A, comparisons with the Control group were made by two-
way ANOVA and Tukey’s multiple comparison test. ** p<0.01, *** p<0.001, ****
p<0.0001.
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