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ORIGINALRESEARCHARTICLE  ©
White Blood Cells and Blood Pressure

A Mendelian Randomization Study

BACKGROUND: High blood pressure (BP) is a risk factor for
cardiovascular morbidity and mortality. While BP is regulated by the
function of kidney, vasculature, and sympathetic nervous system,
recent experimental data suggest that immune cells may play a role in
hypertension.

METHODS: We studied the relationship between major white blood
cell types and blood pressure in the UK Biobank population and used
Mendelian randomization (MR) analyses using the =750000 UK-
Biobank/International Consortium of Blood Pressure-Genome-Wide
Association Studies to examine which leukocyte populations may be
causally linked to BP.

RESULTS: A positive association between quintiles of lymphocyte,
monocyte, and neutrophil counts, and increased systolic BP, diastolic BP,
and pulse pressure was observed (eg, adjusted systolic BP mean+SE for 1st
versus 5th quintile respectively: 140.13+0.08 versus 141.62+0.07 mmHg
for lymphocyte, 139.51+0.08 versus 141.84+0.07 mm Hg for monocyte,
and 137.96+0.08 versus 142.71+0.07 mmHg for neutrophil counts; all
P<107%9). Using 121 single nucleotide polymorphisms in MR, implemented
through the inverse-variance weighted approach, we identified a potential
causal relationship of lymphocyte count with systolic BP and diastolic

BP (causal estimates: 0.69 [95% Cl, 0.19-1.20] and 0.56 [95% Cl,
0.23-0.90] of mmHg per 1 SD genetically elevated lymphocyte count,
respectively), which was directionally concordant to the observational
findings. These inverse-variance weighted estimates were consistent

with other robust MR methods. The exclusion of rs3184504 SNP in the
SH2B3 locus attenuated the magnitude of the signal in some of the MR
analyses. MR in the reverse direction found evidence of positive effects of
BP indices on counts of monocytes, neutrophils, and eosinophils but not
lymphocytes or basophils. Subsequent MR testing of lymphocyte count

in the context of genetic correlation with renal function or resting and
postexercise heart rate demonstrated a positive association of lymphocyte
count with urine albumin-to-creatinine ratio.

CONCLUSIONS: Observational and genetic analyses demonstrate a
concordant, positive and potentially causal relationship of lymphocyte
count with systolic BP and diastolic BP.
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Clinical Perspective
What Is New?

e This cross-sectional and genetic study found poten-
tially causal, positive effects of total blood lympho-
cyte count with regards to blood pressure.

e Among mechanisms that might mediate this rela-
tionship, we found evidence that blood lympho-
cyte count might influence albuminuria.

e This study may also support a reverse, potentially
causal positive effect of blood pressure indices
on blood neutrophil, monocyte, and eosinophil
counts.

What Are the Clinical Implications?

¢ High blood lymphocyte count may play a causal
role in the development of hypertension.

ease, including coronary heart disease (CHD) and

stroke. While classical BP regulation is controlled
by the function of kidney, vasculature and sympathet-
ic nervous system, recent experimental data suggest
that immune cells may play an important role in the
development of hypertension.’ For example, immune
cells infiltrating heart,® perivascular adipose tissue, or
kidneys contribute to dysfunction of these organs and
can mediate high BP? RAG77 mice’ or rats,® lacking
functional T and B lymphocytes, are protected from ex-
perimental hypertension, and transfer of T lymphocytes
restores the hypertensive phenotype.” Moreover, target-
ing B cells,® monocytes, and neutrophils as well as tar-
geting inflammasome’®'? shows their contribution to
vessel remodeling and hypertension. While most data
originate from experimental models, the relationships
between white blood cells and hypertension remains
poorly defined in humans.

Well-powered, genome-wide association studies
(GWAS) have identified hundreds of single nucleotide
polymorphisms (SNPs) associated with BP-related traits
or circulating blood cell indices.'' This creates an op-
portunity to test genetic, potentially causal relation-
ships between these and other, clinically relevant car-
diovascular traits using the Mendelian randomization
(MR) approach. In brief, MR exploits characteristics of
the human genome—principally its random allocation
and nonmodifiable nature—to make potentially causal
deductions on the relationship of an exposure on a trait
or disease.'® Indeed, previous studies using such genet-
ic approaches identified evidence in support of a causal
relationship between white blood cell parameters such
as lymphocytes and risk of CHD, making the explora-
tion of the role of white blood cells in altering BP of
particular interest.™

H igh blood pressure (BP) causes cardiovascular dis-
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In the present study, we studied the relationship be-
tween major white blood cell types and BP in the UK
Biobank (UKB) population and used MR analysis using
data generated from large GWAS to examine whether
leukocyte subpopulations may be causally linked to BP.

METHODS

UKB data are available on application for data access (http://
www.ukbiobank.ac.uk/). Data concerning SNPs used in MR
analyses, linking white blood cell count and BP indices, are
available in the Excel file in the Data Supplement. GWAS
summary statistics of the CKDGen (Chronic Kidney Disease
Genetics)  Consortium  (http:/ckdgen.imbi.uni-freiburg.
de/), white blood cell counts (http://www.bloodcellgenetics.
org/), heart rate (HR) phenotypes (https://www.cardiomics.
net/download-data, https://data.mendeley.com/datasets/
tg5tvgm436/1) and BP indices (UKB+ICBP [International
Consortium for Blood Pressure]; https://www.ebi.ac.uk/gwas/
downloads/summary-statistics) are available online. The ICBP
GWAS summary statistics can be assessed through the ICBP
Consortium.

Testing the Observational Association
Between Blood Cell Counts and BP
Indices
UKB recruited 502639 participants (37 to 73 years of age)
from 22 assessment centers across the United Kingdom
between 2007 and 2010. Baseline biological measurements
were recorded, and touchscreen questionnaires were adminis-
tered, as described elsewhere. UKB received ethical approval
from the North West Multi-Center Research Ethics Committee
(11/NW/03820). All participants gave written informed con-
sent before enroliment in the study, which was conducted in
accordance with the principles of the Declaration of Helsinki.
Using self-reported, ethnic background information, we
selected 442 604 white British participants of the UK Biobank
study to assess the effect of quintiles of circulating monocyte,
lymphocyte, eosinophil, neutrophil, and basophil counts on
systolic BP (SBP), diastolic BP (DBP), and pulse pressure (PP)."”
Whereas blood cell indices often correlate with each other
(Table I'in the Data Supplement), these 5 subpopulations were
among 13, out of 36, blood cell indices selected by Astle et
al as relatively independent and approximated all other white
blood cell indices including absolute and percentage counts
(eg, blood neutrophil count strongly correlated with total
white blood cell count and percentage of lymphocytes).''®

The average of 2 automated, sitting BP readings (see
Data Supplement for details regarding BP measurement
procedure) was calculated and used in final analyses, and
individuals with only 1 reading available (9.2% for SBP or
DBP) were excluded from further analyses, leaving 384721
individuals with available white blood cell counts for final
analysis (Table). Repeated blood pressure measurements
were highly correlated.™

BP values from individuals on BP-lowering medications
were adjusted in the same way as compared with GWAS
on BP indices in the UKB and ICBP'*?° (ie, by adding 15
and 10 mmHg to SBP and DBP, respectively;?' see Figure |
in the Data Supplement for distribution of BP indices). We
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Table. Characteristics of 384721 White, British Participants From the
UK Biobank Study Who Were Included in the Analysis

Characteristic Value
Men, n (%) 177322 (46.1)
Age, y, mean (SD) 56.88 (7.99)
Body mass index, kg/m?, mean (SD) 27.37 (4.72)

138.12 (18.58)
82.21(10.08)

Systolic blood pressure, mmHg, mean (SD)

Diastolic blood pressure, mmHg, mean (SD)

Pulse pressure, mmHg, mean (SD) 55.91(13.62)

Blood cell count, 10° cells/mL, median (interquartile range)

Lymphocytes 1.86 (1.50-2.28)
Neutrophils 4.05 (3.30-4.99)
Monocytes 0.45 (0.37-0.57)
Eosinophils 0.14 (0.10-0.21)
Basophils 0.02 (0.00-0.04)

Smoking status, n (%)

208606 (54.4)
135988 (35.5)
38782 (10.1)

Never smoker

Previous smoker

Current smoker

Alcohol intake frequency, n (%)

81946 (21.3)
92342 (24.0)

Daily or almost daily

3 or 4 times per week

101370 (26.4)
42678 (11.1)
40900 (10.6)
Never 25222 (6.6)

1 or 2 times per week

1 to 3 times per month

Special occasions only

Salt intake (salt added to food), n (%)

Never or rarely 218726 (56.9)

Sometimes 106037 (27.6)
Usually 43212 (11.2)
Always 16707 (4.3)

Use of blood pressure—lowering medications, n (%) 79719 (20.7)

also performed separate sensitivity analyses after exclusion
of individuals reporting BP-lowering medication use, using
the same quintile boundaries as compared with the whole
cohort. White blood cells were measured on fresh samples as
an absolute number per unit volume, and their component
leukocytes (lymphocytes, monocytes, neutrophils, eosino-
phils, and basophils) as absolute measures and proportions
of the overall white blood cells; all using an automated,
clinically validated, Coulter LH 750. Calibration and quality
control were performed in line with the manufacturer’s rec-
ommendations.'® Further details of these measurements can
be found in the UK Biobank online showcase and protocol
(http://Awww.ukbiobank.ac.uk). While quintiles of monocyte,
lymphocyte, eosinophil, and neutrophil counts contained, on
average, 76944+4588 subjects, quintiles of basophil count
were less balanced, with 96897 subjects (all subjects with
no basophils detected), 31792, 128937, 55910, and 77185
individuals in the 1st, 2nd, 3rd, 4th, and 5th quintiles, respec-
tively (see Figure Il in the Data Supplement for distributions of
white blood cell counts).
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MR Analyses Testing Causal Effect of
Blood Cell Count on BP Indices

Instrumental Variables

We selected SNPs that associated with the level of circulat-
ing monocyte, lymphocyte, eosinophil, basophil, or neutrophil
counts at genome-wide significance (P<8.31x107) in analysis
of UKB and INTERVAL studies comprising 173480 individuals."
Final analyses included common (minor allele frequency>5%)
and uncorrelated (r*<0.2; validated in European British panel
using LDlink)?? SNPs available in GWAS on outcome variables.
Palindromic SNPs with a minor allele frequency>40% in the
exposure GWAS, as well as SNPs from the major histocompati-
bility complex region (chr6:20 000 000-40 000000, GRCh37),
which likely possess pleiotropic effects, were excluded from
analyses.

Outcome Variables

Our primary analysis examined whether there exists a rela-
tion between 5 selected blood cell indices and SBP, DBP,
or PP on the basis of genetic effect estimates published by
Evangelou et al in meta-analysis of 2 independent GWAS,
the UKB and ICBP, comprising 757601 individuals.™ We
estimated that approximately 17.6% of individuals from
the UKB+ICBP GWAS' were also included in the GWAS
on blood cell counts.’™ Thus, to ensure that this over-
lap did not overly influence our results (eg, because of
overfitting or winner’s curse),'® a sensitivity analysis was
performed using GWAS estimates derived solely from the
ICBP consortium comprising 299024 individuals.' Of
note, GWAS analysis on BP indices was adjusted for body
mass index,' while GWAS analysis on blood cell counts
was adjusted for log-height and log-weight, which
implicitly adjusted for body mass index.'> Therefore both
GWAS of exposures and outcomes adjusted for adipos-
ity-related traits, potentially limiting confounding caused
by collider bias.?

A secondary analysis aimed to identify an intermediate
phenotype, which may mediate the causal effects, if pres-
ent, of lymphocyte count on BP. Therefore, using published
GWAS summary data, we selected traits related to kidney
and heart function that have previously demonstrated a
causal link to BP or hypertension through genetic analy-
ses. This included resting HR,?* increase in HR from resting
level to peak exercise level,?> estimated glomerular filtra-
tion rate assessed in individuals of European ancestry,?®
and urine albumin-to-creatinine ratio (UACR) derived from
2 different studies, that is, the CKDGen Consortium, and
meta-analysis of the UK Biobank and CKDGen consor-
tium.?”28 All participants, included in the individual studies
within the CKDGen and ICBP consortia, provided written
informed consent and studies were approved by their local
research ethics committees and institutional review boards
as applicable 20.26-28

Reverse MR Analyses

We considered 885 SNPs replicated in 1- or 2-stage analyses
in @ GWAS on BP indices by Evangelou et al." Among these,
we selected 883 independent SNPs (?<0.2 validated in the
European British panel using LDIink),?? and associated with
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SBP, DBP, or PP at P<5x107® in the meta-analysis of the UKB
and ICBP consortia,' and used these as instrumental vari-
ables (IVs) in an MR analysis on 5 selected blood cell indices.'
Palindromic SNPs with a minor allele frequency >40% in the
exposure GWAS, as well as SNPs from the major histocom-
patibility complex region, were excluded from these analyses.

Statistical Analysis
General linear model in SPSS (version 25.0) was used to test
the association of quintiles of cell counts on SBP, DBP, and PP
level while adjusting for sex, age, age squared, body mass
index, smoking status (3 categories: never, former, and cur-
rent), and alcohol intake frequency (6 categories: never, spe-
cial occasions only, 1 to 3 times a month, 1 or 2 times a week,
3 or 4 times a week, and daily or almost daily). Quintile-specific
estimated marginal means were reported and compared
using analysis of variance. To verify the observed associations,
we performed similar analyses with additional adjustment
for salt intake (Table 1)'2° or using quantile regression using
quantreg package in R (version 3.6.2) with the 3rd quintile set
as a reference. To model the continuous relationship between
blood cell counts and medication-adjusted BP indices quantile
regression, the generalized additive model using mgcv pack-
age (version 1.8-31),3° and general linear model analyses in
R were used. Cubic regression spline smooth was applied to
cell count parameters and generalized additive model analy-
ses were also adjusted for body mass index, age, age squared,
sex, smoking status, and alcohol intake frequency.
Inverse-variance weighted (IVW) analyses were performed
using MendelianRandomization package in R.3" Additional sen-
sitivity analyses were performed using methods that are more
robust to violations of MR assumptions, that is, weighted median
approach, allowing up to 50% of the weights to be invalid IVs,*'
MR-Egger method, which can include SNPs with pleiotropic
effects that are not proportional to the effects of these SNPs on
exposure,’®3" as well as MR-PRESSO (Mendelian Randomization
Pleiotropy Residual Sum and Outlier) method, which identifies
and excludes SNPs that most likely display pleiotropic effects.®
Leave-one-out  sensitivity analyses were performed using
TwoSampleMR package in R.** False discovery rate-based cor-
rection was applied to P values derived from MR analyses.

RESULTS

Levels of White Blood Cell
Subpopulations Associate With BP in the
UKB

An association between quintiles of all cell types and SBP,
DBP, and PP was observed (Figure 1). While the differenc-
es between quintiles showed strong evidence of associa-
tions, even after Bonferroni correction for multiple test-
ing, the association of blood neutrophil count with all 3
BP indices was the strongest, relatively, as compared with
the other white blood cells analyzed (eg, difference in ad-
justed SBP between the 5th and 1st quintile in mmHg
[95% Cl]: 4.74 for neutrophil [4.47-5.01], 2.33 for
monocyte, [2.06-2.60], 1.49 for lymphocyte [1.22-1.76],
0.63 for basophil [0.37-0.88], and —0.95 for eosinophil
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counts [-1.21 to —0.69]; Figure 1). This was further sup-
ported by analysis of continuously defined white blood
cell counts (Table Il in the Data Supplement).

Of note, the 1st quintile of eosinophil count was as-
sociated with higher SBP and PP compared with any
other quintile (Figure 1). Associations identified in the
aforementioned observational analyses using general
linear model were confirmed using quantile regression
analysis (Table Il in the Data Supplement), after exclu-
sion of individuals on BP-lowering medication (Figure
Il in the Data Supplement), or after additional adjust-
ment for salt intake (Figure IV in the Data Supplement).
Generalized additive model analyses identified evidence
(P<5x107%) of smooth terms of all analyzed blood cell
counts on SBP, DBP, and PP. In particular, count of
monocytes and neutrophils was associated with SBP in
a dose-dependent manner (Figure V in the Data Sup-
plement), while positive effects of lymphocytes on SBP
could be observed above the 2nd quintile of lympho-
cyte count (Figure V in the Data Supplement). In ad-
dition, generalized additive model analyses confirmed
protective effect of higher eosinophil count on all BP
indices (Figure V in the Data Supplement).

MR Analysis of White Blood Cell Counts
and Blood Pressure Indices

We next aimed to investigate causal relationships be-
tween major white blood cell counts and BP indices us-
ing 121, 87, 146 (147 for DBP analysis), 126 (127 for
DBP analysis), and 50 uncorrelated SNPs used as IVs for
analysis of total lymphocyte, neutrophil, monocyte, eo-
sinophil, and basophil counts, respectively (see Excel file
in the Data Supplement for a list of all SNPs used as IVs).

We identified positive, potential causal relationships
between lymphocyte count with SBP and DBP, concor-
dant in all analytic approaches (Figure 2 and Table IV
in the Data Supplement). In particular, after false dis-
covery rate correction for multiple testing, IVW and
MR-PRESSO methods demonstrated a potential causal
relationship between lymphocyte count and both BP in-
dices (with a 1 SD genetically instrumented higher lym-
phocyte count leading to a 0.69 mmHg [95% Cl, 0.19-
1.20] higher SBP; P=0.007 and 0.56 mmHg [95% CI,
0.23-0.90] higher DBP; P=0.001), with similar findings
when using robust MR approaches, including MR-Egg-
er and weighted median methods (Figure 2 and Table IV
in the Data Supplement). Of note, using ICBP-only data
(with no participant overlap), we demonstrated consis-
tent, positive effects between total lymphocyte count
and both SBP and DBP using all 4 analytical methods
(Table V in the Data Supplement).

All MR analytic approaches demonstrated a relation-
ship between total eosinophil count and higher DBP level
(Figure 2 and Table IV in the Data Supplement), and this
finding was replicated using BP estimates derived from

Circulation. 2020;141:1307-1317. DOI: 10.1161/CIRCULATIONAHA.119.045102
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Figure 1. Levels of 5 white blood cell types are associated with systolic blood pressure (SBP), diastolic blood pressure (DBP), and pulse pressure (PP)

in the UK Biobank.

Estimated marginal means of blood pressure indices, from general linear model analysis adjusted for sex, age, age squared, body mass index, smoking status, and
alcohol intake frequency, are presented according to quintiles of counts of white blood cell subpopulations. All ANOVA tests, assessing global between-quintile
differences in blood pressure indices were significant at P<107"". Post hoc tests revealed that all comparisons between the 1st and the 5th quintile of any cell type
count with respect to any blood pressure index were significant at Bonferroni-corrected P<0.05, given 150 tests (5 types of blood cell countsx3 blood pressure

indicesx 10 between-quintile differences) performed.

the ICBP consortium (Table V in the Data Supplement).
Of note, MR-Egger found relatively strong evidence for
pleiotropy (Tables IV and V in the Data Supplement),
and causal effects were in the opposite direction when

Circulation. 2020;141:1307-1317. DOI: 10.1161/CIRCULATIONAHA.119.045102

compared with the observational findings (Figure 1). No
association concerning total neutrophil, monocyte, or
basophil counts, observed in the primary analysis using
UKB+ICBP BP estimates (Figure 2 and Table IV in the
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Causal estimate
(1SD BP index per
1SD cell count)

SBP DBP PP
Lymphocytes

SBP DBP PP
Neutrophils

SBP
Monocytes

DBP PP

015
ww

0.1
MR-Egger

0.05
Weighted
median

0
MR-PRESSO l

SBP DBP PP SBP DBP PP
Eosinophils Basophils

Figure 2. Mendelian randomization (MR) analyses testing the effects of 5 white blood cell subpopulation counts on systolic blood pressure (SBP),

diastolic blood pressure (DBP), and pulse pressure (PP).

Results obtained using 4 MR methods (inverse-variance weighted [IVW], Mendelian randomization-Egger [MR-Egger], weighted median, and MR-PRESSO [Mende-
lian Randomization Pleiotropy Residual Sum and Outlier]) are presented as a heat map representing causal estimates (1 SD of BP index per 1 SD of cell count). BP

indicates blood pressure. *False discovery rate P<0.05 for a particular MR approach.

Data Supplement), could be replicated using ICBP-only
data at a nominal threshold for significance (Table V in
the Data Supplement).

Inspection of scatter plots, visualizing the associa-
tions of individual SNPs (used as IVs) with BP indices and
lymphocyte or eosinophil counts, as well as leave-one-
out sensitivity analyses, identified a single variant in the
ATXN2/SH2B3 locus that influenced the IVW associa-
tion (Figures VI and VIl in the Data Supplement). Exclu-
sion of these variants from MR analyses on lymphocyte
count (rs3184504) or eosinophil count (rs653178) at-
tenuated the causal estimates (Figure 3). In this scenario

(ie, on excluding rs653178), the relationship of eosino-
phil count with SBP attenuated, while the magnitude of
the positive association of lymphocyte count with SBP
(weighted median and MR-PRESSO methods) or DBP
(IVW and MR-PRESSO methods; Figure 3) was reduced.

Reverse MR Analysis Assessing the Effect
of BP on Blood Cell Counts
To further understand a source of observational asso-

ciations between BP and blood cell counts, we used BP-
associated variants as Vs to explore the relationship of

Lymphocytes Eosinophils
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: rsi
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Weighted median - pa— p=0001 ) .
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Figure 3. Mendelian randomization (MR) analyses testing effect of lymphocyte or eosinophil counts on systolic blood pressure (SBP) and diastolic
blood pressure (DBP) levels, before and after exclusion of a single variant from the SH2B3/ATXN2 (SH2B adaptor protein 3/ataxin 2) locus.
Results of 4 MR methods (inverse-variance weighted [IVW], MR-Egger, weighted median, and MR-PRESSO [Mendelian Randomization Pleiotropy Residual Sum and

Outlier]) are presented as causal estimates with 95% Cls.
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BP traits with blood cell traits in the reverse direction.
We found no evidence of association between any of
the BP index and lymphocyte or basophil count (Fig-
ure 4 and Table VI in the Data Supplement; see Excel
file in the Data Supplement for a list of all SNPs used as
IVs). Of interest, MR analyses supported the existence
of positive effects of SBP and DBP on monocyte and
eosinophil count, while positive effects of SBP and PP
were identified for neutrophil count (Figure 4 and Table
VI in the Data Supplement). Inspection of scatter plots,
visualizing the effects of all individual IVs on cell counts
and BP indices, as well as leave-one-out sensitivity anal-
yses, found that while rs3184504 SNP in SH2B3 inflat-
ed the IVW causal estimates for neutrophil, monocyte,
and eosinophil counts, the estimates remained robust
to exclusion of this particular SNP (Figures VIl and IX in
the Data Supplement).

Renal Function and Heart Rate in the
Context of the Circulating Lymphocyte
Counts

Primary observational association and genetic analyses
demonstrated concordant effect directions of lympho-
cyte count on SBP and DBP. Thus, we tested lymphocyte
counts in the context of genetic correlation with kid-
ney function and heart rate parameters. An evidence
of positive association was found between the level of
circulating lymphocytes and UACR using MR-PRESSO
and IVW, but not other methods (Table VIl in the Data
Supplement). No association between the level of cir-
culating lymphocytes and resting HR, increase in HR
from resting level to peak exercise level, or estimated
glomerular filtration rate was identified (Table VIl in the
Data Supplement). Inspection of scatter plots, visualiz-
ing effects of all IVs on lymphocyte count and UACR,
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as well as leave-one-out sensitivity analyses, found that
IVW causal estimates remained robust to exclusion of
any single SNP from MR analysis (Figures X and Xl in the
Data Supplement).

DISCUSSION

Using an MR approach, the present study identified
a positive, potentially causal relationship between
circulating blood lymphocyte counts and BP levels.
This is of importance given the findings reported in
a recent study that identified evidence in support of
a causal relationship between circulating lymphocytes
and risk of CHD.™ Although the genetic effect of lym-
phocyte count on CHD reported in previous studies
was, at least partially, driven by variants in the major
histocompatibility complex locus,™ our study provides
a plausible mechanism by which lymphocytes might
cause CHD, through increases in BP parameters. Of
note, our MR analysis identified a potential causal re-
lationship between total lymphocyte count and both
SBP and DBP that was independent of the major his-
tocompatibility complex region. This is of importance
because SBP and DBP are recognized causal risk fac-
tors for cardiovascular disease.*

The MR concept has been widely used to elucidate
potential causal relationships between various risk
factors and disease outcomes. Using this approach,
it has been shown that myeloid and lymphoid blood
cell counts are causally related to several autoimmune
diseases, yet not to chronic kidney disease or type 2
diabetes mellitus."™ MR analysis has been also used to
make causal inference in the pathogenesis of hyperten-
sion. For example, lower estimated glomerular filtration
rate causally influences DBP and hypertension.®> A re-
cent study on urinary biomarkers in the UKB identified

| SBP DBP PP
Monocytes

PP | SBP DBP PP
Neutrophils

SBP DBP
Lymphocytes

' SBP DBP PP

Causal estimate
(1SD cell count per
1SD BP index)

IVW

MR-Egger

Weighted 0.1
median

MR-
PRESSO

SBP DBP PP
Basophils

Eosinophils

Figure 4. Reverse Mendelian randomization (MR) analyses testing the effects of systolic blood pressure (SBP), diastolic blood pressure (DBP), and

pulse pressure (PP) on cell counts of white blood cell subpopulations.

Results obtained using 4 MR methods (inverse-variance weighted [IVW], MR-Egger, weighted median, and MR-PRESSO [Mendelian Randomization Pleiotropy
Residual Sum and Outlier]) are presented as a heat map representing causal estimates (1 SD cell count per 1 SD blood pressure [BP] index).*False discovery rate

P<0.05 for a particular MR approach.
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genetic correlation between SBP and 4 parameters re-
flecting renal function, including UACR.3® Moreover,
genetic risk scores of resting HR or HR response to ex-
ercise are associated with BP?42> while genetic deter-
minants of brachial artery diameter,3” associate with BP
as well." These results, derived from GWAS, support a
key role of kidney in the regulation of BP and suggest a
tight relation between BP and function of sympathetic
nervous system, controlling HR, and vasculature.

Of note, even though neutrophil count appeared to
be the strongest component of white blood cells as-
sociated with SBP and DBP in an observational analysis
in the UKB, we did not identify evidence of a causal
effect on these BP indices in MR analysis. This may indi-
cate confounding of the observational analysis, reverse
causation, which was, at least partially, identified in the
present study, or more acute effects of neutrophil count
on BP that might not be captured by MR analysis. In-
deed, data from the CANTOS trial (Canakinumab Anti-
Inflammatory Thrombosis Outcomes Study), which in-
vestigated the use of canakinumab, an IL-1p blocker, in
cardiovascular disease prevention, demonstrated that
although the studied drug was profoundly neutrope-
nic,®3 it had no effect on BP*° yet it should be empha-
sized that this was not a specific, neutrophil-targeting
intervention. Inflammation may cause cardiovascular
disease through a myriad of pathways, and BP is only
one potential component of this.

Our data are important as they provide mechanistic
context to observational associations that earlier stud-
ies have reported, indicating a relationship between
peripheral blood lymphocytes and hypertension. In our
previous studies, we have identified that hypertensive
patients are characterized by increased central mem-
ory, Th17 as well as IFN-y producing immunosenes-
cent or effector CD8+ cells.#'*2 Moreover, circulating
lymphocytes have been associated with microvascular
remodeling in hypertension.** At the same time, we
have recently observed relations between monocyte
subpopulations and hypertension.* Our present data,
which include bidirectional assessment of genetic as-
sociation between BP and blood cell counts, help to in-
terpret these and may indicate that increases in mono-
cytes with increasing blood pressure, are, similarly to
neutrophils, most likely a consequence rather than a
cause of hypertension.

The mechanism by which white blood cells, and es-
pecially lymphocytes, may cause hypertension remains
unclear. Experimental animal data suggest that the ef-
fects of lymphocytes might be mediated by modulating
vascular function, sympathetic outflow, and hyperten-
sion as well as renal sodium reabsorption and salt han-
dling by antigen presenting cells.'>>2° Using available,
large-scale GWAS, we aimed to identify a target organ,
whose function is causal to BP and might be affect-
ed by lymphocyte count. Our analysis of phenotypes
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related to kidney, and sympathetic nervous system
function, demonstrated that genetically defined, higher
total lymphocyte count related to a higher UACR us-
ing MR-PRESSO and IVW analyses, yet the associations
were weaker using other analytic approaches. On the
other hand, associations between lymphocyte count
and UACR could be observed using UACR data de-
rived from 2 different studies,?’?® which may support
a causal link between lymphocyte count and albumin-
uria. Furthermore, this may indicate that lymphocytes
affect BP via UACR, though it might be as well that
lymphocytes affect UACR through independent causal
pathways that include BP. Of note, recent studies indi-
cate that a bidirectional association between albumin-
uria and BP exists.*> Moreover, whereas genetic liability
to albuminuria associates with hypertension, stroke,
and heart failure, it does not associate with chronic kid-
ney disease,* which may explain the lack of a causal
relationship between lymphocyte count and estimated
glomerular filtration rate in the present study. As a con-
sequence, it has been proposed that albuminuria may
have tubular origins, caused by sodium retention in the
distal tubule.*

Other than the analyses of the genetic correlation
between lymphocyte count and UACR, important bio-
logical information can be obtained while selecting
genes in proximity to SNPs that associate with both
lymphocyte count and BP indices in the concordant di-
rection (Table VIl in the Data Supplement). Many genes,
whose function may be affected by selected SNPs, have
been investigated in the context of BP regulation in
vivo, and previous studies linking genetics of hyperten-
sion to lymphocyte biology focused on SH2B3 as key
driver for hypertension (Table VIII in the Data Supple-
ment). For example, an in vivo study demonstrated ex-
acerbated hypertension, vascular dysfunction, and infil-
tration of IFNy-producing CD8+ T cells in response to
angiotensin Il in Sh2b3 knockout animals as compared
with wild type mice.#” SNP rs3184504 is a missense
mutation within SH2B3 and leads to an R262W amino
acid change in Lnk,*® which is a negative regulator of
hematopoiesis and TNFa signaling in endothelial cells
and may play a role in integrin signaling.*® Of interest,
the SH2B3 locus has been associated with various car-
diovascular-related traits and diseases, including CHD,*®
and its effect on blood pressure may be at least partially
mediated by influencing B-2-microglobulin levels in hu-
mans.>' This suggests a potentially pleiotropic effect of
SH2B3 on BP level. Of importance, sensitivity analyses
performed in the present study identified rs3184504
SNP in SH2B3 as a potential pleiotropic outlier, and its
exclusion led to attenuation of the MR relationships cal-
culated by all analytic approaches. However, after ex-
clusion of rs3184504 SNP, evidence of potential causal
effect of lymphocyte count on BP was retained in VW,
weighted median or MR-PRESSO analytic approaches.
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The interpretation of estimates derived from MR can
be challenging.® Nevertheless, MR relies on assump-
tions that may be untestable (eg, exclusion restriction,
especially in the presence of unknown/unmeasured po-
tential confounding).>® For example, horizontal pleiot-
ropy, the phenomenon where genetic variants indepen-
dently associate with traits other than the ones under
investigation, can lead to confounding of the MR esti-
mates. The susceptibility of the estimates derived from
MR to such horizontal pleiotropy can be investigated
through the application of sensitivity analyses that are
more robust to such types of pleiotropy, as performed
in the present study with MR-Egger and weighted me-
dian approaches.’® Although none of these methods,
when used individually, entirely protects the findings
from MR analyses from the influence of potential pleio-
tropic effects, a consistency of effect estimate derived
across multiple sensitivity analyses adds confidence to
the plausibility of the presence of a true underlying
causal effect. Other forms of confounding in MR exist,
such as population structure.> In the present analysis,
GWAS used in the identification of white blood cell
counts and BP indices used methodology that take into
account cryptic relatedness and population stratifica-
tion, ' which should minimize the potential for such
sources of confounding. A further vulnerability is the
potential for overfitting in the context of having used
the same dataset for discovery (ie, GWAS) and MR.>
Additionally, we used the ICBP GWAS on BP indices,'
characterized by no individuals overlapping with the
GWAS on white blood cell counts, to confirm the lack
of overfitting of the effects of genetically defined blood
lymphocyte count on SBP and DBP levels.

In contrast with MR analyses, our observational
results are likely to be more susceptible to errors in-
duced by confounding or reverse causation phenom-
ena. While the associations of white blood cell counts
with BP seem to be independent of commonly used
potential confounders such as sex, age, body mass
index, salt/alcohol intake, or smoking habits, we can-
not exclude the existence of residual confounding
by variables influencing blood cell count and BP as-
sociation. The reverse-causation phenomenon is, by
definition, not feasible to address in the context of
cross-sectional data, thus motivating the need for ei-
ther prospective studies with comprehensive follow-
up or approaches were reverse causation cannot be a
phenomenon, such as MR approaches or randomized
controlled trials.

In summary, the present study identified evidence in
support of a potential causal link between elevated lym-
phocyte count and higher BP. The molecular mechanism
of this association is possibly independent of the clas-
sical regulatory mechanisms related to kidney function
or heart rate but might involve pathways related to al-
buminuria. Furthermore, results of reverse MR analyses

Circulation. 2020;141:1307-1317. DOI: 10.1161/CIRCULATIONAHA.119.045102
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may support potential causal effects of increased BP on
higher levels of blood neutrophil, monocyte, and eo-
sinophil but not lymphocyte or basophil counts.

ARTICLE INFORMATION

Received November 27, 2019; accepted March 17, 2020.

Guest Editor for this article was Jan A. Staessen, MD, PhD.

The Data Supplement is available with this article at https:/Avww.ahajournals.
org/doi/suppl/10.1161/circulationaha.119.045102.

Correspondence

Professor Tomasz J. Guzik, MD, PhD, Regius Chair of Physiology and Car-
diovascular Medicine, Institute of Cardiovascular and Medical Sciences, 126
University Place, Glasgow, G12 8LA, United Kingdom. Email tomasz.guzik@
glasgow.ac.uk

Affiliations

Department of Internal and Agricultural Medicine, Faculty of Medicine, Jagiel-
lonian University Medical College, Krakow, Poland (M.S., E.J., TJ.G.). Institute
of Cardiovascular and Medical Sciences (M.S., PW., N.S., TJ.G.) and Institute
of Infection, Immunity, and Inflammation (P.M.), University of Glasgow, United
Kingdom. Division of Cardiovascular Sciences, School of Medical Sciences, Fac-
ulty of Biology, Medicine and Health, University of Manchester, United King-
dom (X.X., M.T.). Department SHIP/Clinical-Epidemiological Research, Institute
for Community Medicine, University Medicine Greifswald, Germany (A.T.).
German Centre for Cardiovascular Research partner site Greifswald, Germany
(A.T.). Department of Epidemiology and Biostatistics, School of Public Health,
Imperial College London, United Kingdom (E.E.). University Heart Center
Hamburg Eppendorf, German Center for Cardiovascular Research partner site
Hamburg/Kiel/Libeck, Germany (R.B.S.). Department of Pharmacy, University
of Naples Federico I, Italy (P.M.). Institute for Cardiogenetics, University of Lu-
beck, Germany (J.E.). William Harvey Research Institute, National Institute for
Health Research Biomedical Research Centre at Barts, Queen Mary University
of London, United Kingdom (M.J.C.). Medical Research Council Population
Health Research Unit, Clinical Trial Service Unit and Epidemiological Studies
Unit, Nuffield Department of Population Health, University of Oxford, United
Kingdom (M.V.H.).

Acknowledgments

This research has been conducted using the UK Biobank Resource under ap-
plication number 50282.

Sources of Funding

This work was funded by the European Research Council (ERC and Inflam-
maTENSION; ERC-CoG-726318; to T.J.G.), ERA-CVD/PLAQUEFIGHT/5/2018
and British Heart Foundation (RE/13/5/30177). M.S. is supported by the Na-
tional Science Center, Poland (grant no. 2016/22/E/NZ4/00610). M.V.H. works
in a unit that receives funding from the UK Medical Research Council and is
supported by a British Heart Foundation Intermediate Clinical Research Fellow-
ship (F$/18/23/33512) and the National Institute for Health Research Oxford
Biomedical Research Center. M.T. is supported by British Heart Foundation
grants PG/17/35/33001 and PG/19/16/34270, and Kidney Research UK grant
RP_017_20180302. R.B.S. has received funding from the ERC under the Euro-
pean Union’s Horizon 2020 research and innovation program (grant agreement
no. 648131), and German Center for Cardiovascular Research (81Z1710103).
PM. is supported by the British Heart Foundation grant PG/19/84/34771.

Disclosures

None.

REFERENCES

1. Drummond GR, Vinh A, Guzik TJ, Sobey CG. Immune mecha-
nisms of hypertension. Nat Rev Immunol. 2019;19:517-532. doi:
10.1038/541577-019-0160-5

April 21,2020 1315

10114V

(=)
=
=
=
>
=
=
m
(7]
m
=
)
()
=



mailto:tomasz.guzik@glasgow.ac.uk
mailto:tomasz.guzik@glasgow.ac.uk

=
S
<
<<
Ll
7]
Ll
=
—
=
=
=
=
S

020z ‘0T 4200100 uo Aq Blio'sfeulnofeyes/:dny woly pepeojumod

Siedlinski et al

. Wengzel

. Guzik TJ, Skiba DS, Touyz RM, Harrison DG. The role of infiltrating immune

cells in dysfunctional adipose tissue. Cardiovasc Res. 2017;113:1009-
1023. doi: 10.1093/cvr/cvx108

. Carnevale D, Lembo G. Heart, spleen, brain. Circulation. 2018;138:1917-

1919. doi: 10.1161/CIRCULATIONAHA.118.035628

. Czesnikiewicz-Guzik M, Osmenda G, Siedlinski M, Nosalski R, Pelka P,

Nowakowski D, Wilk G, Mikolajczyk TP, Schramm-Luc A, Furtak A, et
al. Causal association between periodontitis and hypertension: evidence
from Mendelian randomization and a randomized controlled trial of
non-surgical periodontal therapy. Eur Heart J. 2019;40:3459-3470. doi:
10.1093/eurheartj/ehz646

. Caillon A, Mian MOR, Fraulob-Aquino JC, Huo KG, Barhoumi T, Ouerd S,

Sinnaeve PR, Paradis P, Schiffrin EL. y8 T cells mediate angiotensin II-
induced hypertension and vascular injury. Circulation. 2017;135:2155-
2162. doi: 10.1161/CIRCULATIONAHA.116.027058

. Hulsmans M, Sager HB, Roh JD, Valero-Mufioz M, Houstis NE, Iwamoto Y,

Sun Y, Wilson RM, Wojtkiewicz G, Tricot B, et al. Cardiac macrophages
promote diastolic dysfunction. J Exp Med. 2018;215:423-440. doi:
10.1084/jem.20171274

. Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S,

Goronzy J, Weyand C, Harrison DG. Role of the T cell in the genesis of
angiotensin Il induced hypertension and vascular dysfunction. J Exp Med.
2007,204:2449-2460. doi: 10.1084/jem.20070657

. Abais-Battad JM, Lund H, Fehrenbach DJ, Dasinger JH, Mattson DL. Rag1-

null Dahl SS rats reveal that adaptive immune mechanisms exacerbate high
protein-induced hypertension and renal injury. Am J Physiol Regul Integr
Comp Physiol. 2018;315:R28-R35. doi: 10.1152/ajpregu.00201.2017

. Chan CT, Sobey CG, Lieu M, Ferens D, Kett MM, Diep H, Kim HA,

Krishnan SM, Lewis CV, Salimova E, et al. Obligatory role for B cells in the
development of angiotensin Il-dependent hypertension. Hypertension.
2015;66:1023-1033. doi: 10.1161/HYPERTENSIONAHA.115.05779

P, Knorr M, Kossmann S, Stratmann J, Hausding M,
Schuhmacher S, Karbach SH, Schwenk M, Yogev N, Schulz E, et al. Lyso-
zyme M-positive monocytes mediate angiotensin ll-induced arterial hyper-
tension and vascular dysfunction. Circulation. 2011;124:1370-1381. doi:
10.1161/CIRCULATIONAHA.111.034470

. Morton J, Coles B, Wright K, Gallimore A, Morrow JD, Terry ES, Anning PB,

Morgan BP, Dioszeghy V, Kihn H, et al. Circulating neutrophils maintain
physiological blood pressure by suppressing bacteria and IFNgamma-
dependent iNOS expression in the vasculature of healthy mice. Blood.
2008;111:5187-5194. doi: 10.1182/blood-2007-10-117283

. De Ciuceis C, Amiri F, Brassard P, Endemann DH, Touyz RM, Schiffrin EL.

Reduced vascular remodeling, endothelial dysfunction, and oxidative
stress in resistance arteries of angiotensin Il-infused macrophage colony-
stimulating factor-deficient mice: evidence for a role in inflammation
in angiotensin-induced vascular injury. Arterioscler Thromb Vasc Biol.
2005;25:2106-2113. doi: 10.1161/01.ATV.0000181743.28028.57

. Krishnan SM, Ling YH, Huuskes BM, Ferens DM, Saini N, Chan CT, Diep H,

Kett MM, Samuel CS, Kemp-Harper BK, et al. Pharmacological inhibition
of the NLRP3 inflammasome reduces blood pressure, renal damage, and
dysfunction in salt-sensitive hypertension. Cardiovasc Res. 2019;115:776-
787. doi: 10.1093/cvr/cvy252

. Evangelou E, Warren HR, Mosen-Ansorena D, Mifsud B, Pazoki R, Gao H,

Ntritsos G, Dimou N, Cabrera CP, Karaman |, et al; Million Veteran Pro-
gram. Genetic analysis of over 1 million people identifies 535 new loci
associated with blood pressure traits. Nat Genet. 2018;50:1412-1425.
doi: 10.1038/541588-018-0205-x

. Astle WJ, Elding H, Jiang T, Allen D, Ruklisa D, Mann AL, Mead D,

Bouman H, Riveros-Mckay F, Kostadima MA, et al. The allelic landscape
of human blood cell trait variation and links to common complex disease.
Cell. 2016;167:1415-1429.e19. doi: 10.1016/j.cell.2016.10.042

. Davies NM, Holmes MV, Davey Smith G. Reading Mendelian randomi-

sation studies: a guide, glossary, and checklist for clinicians. BMJ.
2018;362:k601. doi: 10.1136/bm;j.k601

. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J,

Downey P, Elliott P, Green J, Landray M, et al. UK Biobank: an open
access resource for identifying the causes of a wide range of complex
diseases of middle and old age. PLoS Med. 2015;12:e1001779. doi:
10.1371/journal.pmed.1001779

. Welsh C, Welsh P, Mark PB, Celis-Morales CA, Lewsey J, Gray SR,

Lyall DM, lliodromiti S, Gill JMR, Pell J, et al. Association of total and dif-
ferential leukocyte counts with cardiovascular disease and mortality in the
UK Biobank. Arterioscler Thromb Vasc Biol. 2018;38:1415-1423. doi:
10.1161/ATVBAHA.118.310945

1316  April 21, 2020

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

White Blood Cells and Blood Pressure Indices

. Lyall DM, Celis-Morales C, Ward J, lliodromiti S, Anderson JJ, Gill JMR,

Smith DJ, Ntuk UE, Mackay DF, Holmes MV, et al. Association of body
mass index with cardiometabolic disease in the UK Biobank: a Men-
delian randomization study. JAMA Cardiol. 2017;2:882-889. doi:
10.1001/jamacardio.2016.5804

Ehret GB, Munroe PB, Rice KM, Bochud M, Johnson AD, Chasman DI,
Smith AV, Tobin MD, Verwoert GC, Hwang SJ, et al; International Con-
sortium for Blood Pressure Genome-Wide Association Studies; CAR-
DIoGRAM Consortium; CKDGen Consortium; KidneyGen Consortium;
EchoGen Consortium; CHARGE-HF Consortium. Genetic variants in novel
pathways influence blood pressure and cardiovascular disease risk. Na-
ture. 2011;478:103-109. doi: 10.1038/nature 10405

Tobin MD, Sheehan NA, Scurrah KJ, Burton PR. Adjusting for treatment ef-
fects in studies of quantitative traits: antihypertensive therapy and systolic
blood pressure. Stat Med. 2005;24:2911-2935. doi: 10.1002/sim.2165
Machiela MJ, Chanock SJ. LDlink: a web-based application for exploring
population-specific haplotype structure and linking correlated alleles of
possible functional variants. Bioinformatics. 2015;31:3555-3557. doi:
10.1093/bioinformatics/btv402

Holmes MV, Davey Smith G. Problems in interpreting and using GWAS
of conditional phenotypes illustrated by ‘alcohol GWAS." Mol Psychiatry.
2019;24:167-168. doi: 10.1038/541380-018-0037-1

Eppinga RN, Hagemeijer Y, Burgess S, Hinds DA, Stefansson K,
Gudbjartsson DF, van Veldhuisen DJ, Munroe PB, Verweij N, van der Harst P.
Identification of genomic loci associated with resting heart rate and shared
genetic predictors with all-cause mortality. Nat Genet. 2016,48:1557—
1563. doi: 10.1038/ng.3708

Verweij N, van de Vegte YJ, van der Harst P. Genetic study links com-
ponents of the autonomous nervous system to heart-rate profile during
exercise. Nat Commun. 2018;9:898. doi: 10.1038/s41467-018-03395-6
Wuttke M, Li Y, Li M, Sieber KB, Feitosa MF, Gorski M, Tin A, Wang L,
Chu AY, Hoppmann A, et al; Lifelines Cohort Study; V. A. Million Vet-
eran Program. A catalog of genetic loci associated with kidney function
from analyses of a million individuals. Nat Genet. 2019;51:957-972. doi:
10.1038/541588-019-0407-x

Teumer A, LiY, Ghasemi S, Prins BP, Wuttke M, Hermle T, Giri A, Sieber KB,
Qiu C, Kirsten H, et al. Genome-wide association meta-analyses and fine-
mapping elucidate pathways influencing albuminuria. Nat Commun.
2019;10:4130. doi: 10.1038/541467-019-11576-0

Teumer A, Tin A, Sorice R, Gorski M, Yeo NC, Chu AY, Li M, Li Y,
Mijatovic V, Ko YA, et al; DCCT/EDIC. Genome-wide association studies
identify genetic loci associated with albuminuria in diabetes. Diabetes.
2016,65:803-817. doi: 10.2337/db15-1313

Van Beusecum JP, Barbaro NR, McDowell Z, Aden LA, Xiao L, Pandey AK,
Itani HA, Himmel LE, Harrison DG, Kirabo A. High salt activates CD11c+
antigen-presenting cells via SGK (serum glucocorticoid kinase) 1 to pro-
mote renal inflammation and salt-sensitive hypertension. Hypertension.
2019;74:555-563. doi: 10.1161/HYPERTENSIONAHA.119.12761

Wood SN. Fast stable restricted maximum likelihood and marginal like-
lihood estimation of semiparametric generalized linear models. J R
Stat Soc Series B Stat Methodol. 2011;73:3-36. doi: 10.1111/j.1467-
9868.2010.00749.x

Yavorska OO, Burgess S. MendelianRandomization: an R package for per-
forming Mendelian randomization analyses using summarized data. Int J
Epidemiol. 2017;46:1734-1739. doi: 10.1093/ije/dyx034

Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization
between complex traits and diseases. Nat Genet. 2018;50:693-698. doi:
10.1038/541588-018-0099-7

Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D,
Laurin C, Burgess S, Bowden J, Langdon R, et al. The MR-Base platform
supports systematic causal inference across the human phenome. Elife.
2018;7:34408. doi: 10.7554/eLife.34408

Flint AC, Conell C, Ren X, Banki NM, Chan SL, Rao VA, Melles RB, Bhatt DL.
Effect of systolic and diastolic blood pressure on cardiovascular outcomes.
N Engl J Med. 2019;381:243-251. doi: 10.1056/NEJM0a1803180
Morris AP, Le TH, Wu H, Akbarov A, van der Most PJ, Hemani G,
Smith GD, Mahajan A, Gaulton KJ, Nadkarni GN, et al. Trans-ethnic kid-
ney function association study reveals putative causal genes and effects
on kidney-specific disease aetiologies. Nat Commun. 2019;10:29. doi:
10.1038/541467-018-07867-7

Zanetti D, Rao A, Gustafsson S, Assimes TL, Montgomery SB, Ingelsson E.
Identification of 22 novelloci associated with urinary biomarkers of aloumin,

Circulation. 2020;141:1307-1317. DOI: 10.1161/CIRCULATIONAHA.119.045102



020z ‘0T 4200100 uo Aq Blio'sfeulnofeyes/:dny woly pepeojumod

Siedlinski et al

37.

38.

39.

40.

41.

42.

43.

44.

Circulation. 2020;141:1307-1317. DOI: 10.1161/CIRCULATIONAHA.119.045102

sodium, and potassium excretion. Kidney Int. 2019;95:1197-1208. doi:
10.1016/).kint.2018.12.017

Dorr M, Hamburg NM, Mdller C, Smith NL, Gustafsson S, Lehtimaki T,
Teumer A, Zeller T, Li X, Lind L, et al. Common genetic variation in relation
to brachial vascular dimensions and flow-mediated vasodilation. Circ Ge-
nom Precis Med. 2019;12:€002409. doi: 10.1161/CIRCGEN.118.002409
Torene R, Nirmala N, Obici L, Cattalini M, Tormey V, Caorsi R,
Starck-Schwertz S, Letzkus M, Hartmann N, Abrams K, et al. Canakinum-
ab reverses overexpression of inflammatory response genes in tumour
necrosis factor receptor-associated periodic syndrome. Ann Rheum Dis.
2017;76:303-309. doi: 10.1136/annrheumdis-2016-209335

Ruperto N, Brunner HI, Quartier P, Constantin T, Wulffraat N, Horneff G,
Brik R, McCann L, Kasapcopur O, Rutkowska-Sak L, et al; PRINTO; PRCSG.
Two randomized trials of canakinumab in systemic juvenile idiopathic arthri-
tis. N Engl J Med. 2012;367:2396-2406. doi: 10.1056/NEJMoa1205099
Ridker PM. Anticytokine agents: targeting interleukin signaling pathways
for the treatment of atherothrombosis. Circ Res. 2019;124:437-450. doi:
10.1161/CIRCRESAHA.118.313129

Itani HA, McMaster WG Jr, Saleh MA, Nazarewicz RR, Mikolajczyk TP,
Kaszuba AM, Konior A, Prejbisz A, Januszewicz A, Norlander AE, et al.
Activation of human T cells in hypertension: studies of humanized mice
and hypertensive humans. Hypertension. 2016;68:123-132. doi:
10.1161/HYPERTENSIONAHA.116.07237

Youn JC, Yu HT, Lim BJ, Koh MJ, Lee J, Chang DY, Choi YS, Lee SH, Kang SM,
Jang Y, et al. Immunosenescent CD8+ T cells and C-X-C chemokine recep-
tor type 3 chemokines are increased in human hypertension. Hyperten-
sion. 2013;62:126-133. doi: 10.1161/HYPERTENSIONAHA.113.00689
De Ciuceis C, Rossini C, Aird P, Scarsi M, Tincani A, Tiberio GA, Piantoni S,
Porteri E, Solaini L, Duse S, et al. Relationship between different sub-
populations of circulating CD4+ T-lymphocytes and microvascular struc-
tural alterations in humans. Am J Hypertens. 2017;30:51-60. doi:
10.1093/ajh/hpw102

Loperena R, Van Beusecum JP, Itani HA, Engel N, Laroumanie F, Xiao L,
Elijovich F, Laffer CL, Gnecco JS, Noonan J, et al. Hypertension and in-
creased endothelial mechanical stretch promote monocyte differentiation
and activation: roles of STAT3, interleukin 6 and hydrogen peroxide. Car-
diovasc Res. 2018;114:1547-1563. doi: 10.1093/cvr/cvy112

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

White Blood Cells and Blood Pressure Indices

Haas ME, Aragam KG, Emdin CA, Bick AG, Hemani G, Davey Smith G,
Kathiresan S; International Consortium for Blood Pressure. Genetic asso-
ciation of albuminuria with cardiometabolic disease and blood pressure.
Am J Hum Genet. 2018;103:461-473. doi: 10.1016/j.ajhg.2018.08.004
Gansevoort RT, Snieder H. Albuminuria as a cause of hypertension. Nat
Rev Nephrol. 2019;15:6-8. doi: 10.1038/s41581-018-0073-8

Saleh MA, McMaster WG, Wu J, Norlander AE, Funt SA, Thabet SR,
Kirabo A, Xiao L, Chen W, Itani HA, et al. Lymphocyte adaptor protein
LNK deficiency exacerbates hypertension and end-organ inflammation. J
Clin Invest. 2015;125:1189-1202. doi: 10.1172/IC176327

Li Y, He X, Schembri-King J, Jakes S, Hayashi J. Cloning and character-
ization of human Lnk, an adaptor protein with pleckstrin homology and
Src homology 2 domains that can inhibit T cell activation. J Immunol.
2000;164:5199-5206. doi: 10.4049/jimmunol.164.10.5199

Devalliere J, Charreau B. The adaptor Lnk (SH2B3): an emerging regulator in
vascular cells and a link between immune and inflammatory signaling. Bio-
chem Pharmacol. 2011;82:1391-1402. doi: 10.1016/j.bcp.2011.06.023
Erdmann J, Kessler T, Munoz Venegas L, Schunkert H. A decade of ge-
nome-wide association studies for coronary artery disease: the challenges
ahead. Cardiovasc Res. 2018;114:1241-1257. doi: 10.1093/cvr/cvy084
Keefe JA, Hwang SJ, Huan T, Mendelson M, Yao C, Courchesne P,
Saleh MA, Madhur MS, Levy D. Evidence for a causal role of the SH2B3-
2M axis in blood pressure regulation. Hypertension. 2019;73:497-503.
doi: 10.1161/HYPERTENSIONAHA.118.12094

Holmes MV, Ala-Korpela M, Smith GD. Mendelian randomization in car-
diometabolic disease: challenges in evaluating causality. Nat Rev Cardiol.
2017;14:577-590. doi: 10.1038/nrcardio.2017.78

Bennett DA, Holmes MV. Mendelian randomisation in cardiovascular re-
search: an introduction for clinicians. Heart. 2017;103:1400-1407. doi:
10.1136/heartjnl-2016-310605

Swerdlow DI, Kuchenbaecker KB, Shah S, Sofat R, Holmes MV,
White J, Mindell JS, Kivimaki M, Brunner EJ, Whittaker JC, et al. Select-
ing instruments for Mendelian randomization in the wake of genome-
wide association studies. Int J Epidemiol. 2016;45:1600-1616. doi:
10.1093/ije/dyw088

April 21,2020 1317

(=)
=)
=
F—
=
=
=
m
(7]
m
=
=
()
=






