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Abstract

Objective—Platelets contribute to thrombosis, and platelet toll-like receptors (TLRs) are central
in pathogen detection, potentially mediating infection-induced vascular occlusion. Using a large
community-based cohort study, we sought to examine if platelets express all known TLR
transcripts and analyze their association with cardiovascular risk factors.

Approach and result—Messenger RNA (mRNA) levels for TLRs were measured in isolated
platelets by high-throughput quantitative reverse transcriptase polymerase chain reaction (QRT-
PCR) in 1625 participants (mean age 66.6+9, 54% women) of the Framingham Heart Study. We
measured circulating inflammatory and thrombotic markers (CRP, IL6, MCP1, ICAM1, TNFR1,
and P-selectin), and analyzed TLRs and their association with sex and cardiovascular risk factors
by multivariable logit regression model adjusted for confounding factors. Platelets expressed all
ten TLR-transcripts, and all TLRs were co-expressed. Women had higher platelet TLR expression,
which associated with different cardiovascular risk factors as compared to men. In women, TLR1,
TLR3, TLR6, and TLR7 were associated with BMI, and TLR5, TLR7, and TLR10 were
associated with total cholesterol to HDL ratio. In men, TLR1, TLR2, and TLR3 were associated
with lipid and TLR8 with hypertension treatment. Similarly, TLR expression in men was more
commonly associated with circulating inflammatory markers (TNFR1, ICAM1), whereas in
women TLR expression was associated with P-selectin levels.

Conclusion—We report the first study to demonstrate that platelets express all TLR transcripts
using a large community-based observational cohort. These transcripts are more abundant in
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women and have distinct associations with cardiovascular risk and inflammatory biomarkers that
vary by sex.

Introduction

Platelets mediate hemostasis and thrombosis and are detrimental in myocardial infarction
and thrombotic strokel: 2. Platelets are small circulating cell fragments that have no nucleus
but carry prepackaged mRNA and proteins from their bone marrow precursors, the
megakaryocytes?. Although small in size (2-5 um in humans), platelets are abundant and
highly diverse in function spanning beyond hemostasis and thrombosis. Recently, platelets
have been described as having a key role in innate immunity-” with evident crosstalk
between the cardiovascular and the immune systems.

Initial immune response to microbial pathogens is mediated by pathogen recognition
receptors, specifically, toll-like receptors (TLRs)8. Toll-like receptors recognize molecular
structures that are broadly shared among pathogens. These pathogen-associated molecular
patterns can induce TLR activation and initiate immune responses. In humans, ten TLRs
have been identified, of which only TLR10 has unknown function8. Toll-like receptors can
be classified based on their pathogen-sensing and subcellular localization. TLR1, TLR2,
TLR4, TLR5, and TLR6 are expressed on the cell surface and sense structural protein
components of foreign invaders. TLR3, TLR7, TLR8 and TLR9 are located intracellularly in
the endosome compartments and sense foreign nucleic acids8. Surface TLRs recognize
membrane components of bacterial origin (TLR1-TLR®6), as well as molecular components
on fungus (TLR2, TLR4, TLR6), parasites, and in some cases structural components of
viruses (TLR2, TLR4)8. Endosomal TLRs sense single stranded RNA (TLR7 and TLR8),
double stranded RNA (TLR3), and double stranded DNA (TLR9). Host viral defense is
predominantly activated by the endosomal TLRs, although bacterial, fungal and parasite
RNA/DNA can also initiate responses through these receptors®.

Preclinical studies have shown that platelets have functional TLR2, TLR4® 6, TLR9?: 10,
and their activation can be prothrombotic. TLR7 is also functional in platelets. However,
stimulation of TLRs leads to activation of the innate immune system without directly
interfering with platelet pro-thrombotic properties 3. Platelet-TLR2 and -TLR4 also are
known to interact with the immune system by engaging the neutrophil population during
stimulation 7. Finally, a deep sequencing study of platelets from four individuals showed
that platelets may carry the mRNA transcripts of TLR1-TLR91L It is unclear, however, if
human platelets broadly express these diverse TLR transcripts, if individuals express them
simultaneously, and if these pro-inflammatory transcripts are associated with vascular
inflammation or cardiovascular risk.

Previously, we utilized platelet mMRNA from the Framingham Heart Study (FHS) Offspring
Cohort (visit 8) to establish if platelets express inflammatory mRNA. The expression of
inflammatory platelet transcripts closely associated with body mass index (BMI), suggesting
that peripheral blood transcripts may reflect or contribute to the pathogenesis of coronary
heart disease 12. The objective of our study was to look broadly at platelet-mediated
immunity and inflammation by assessing the presence of platelet-specific TLR1-TLR10
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transcripts in a large, well-characterized observational cohort and to determine their
association with inflammation and cardiovascular risk factors. These findings provide the
first data suggesting that platelets narrowly or broadly are associated with immunity,
inflammation, and cardiovascular risk factors in a large unique community-based cohort.

Materials and Methods

Results

Materials and methods are available in the online-only Data Supplement

Human platelets broadly express TLR transcripts

We utilized previously isolated platelet RNA collected from 1625 participants in the FHS
Offspring Cohort (visit 8, Table 1) and performed additional high-throughput RT-PCR
measuring the expression of all known TLR (TLR1-TLR10) transcripts.

After standard normalization to housekeeping genes 12, all TLR transcripts were identified
in platelets but at variable levels of expression (Figure 1). To maintain relevant levels of
percent distribution, TLR transcripts with dCT values smaller than 25 (i.e. higher expression
levels) were utilized throughout this study (Figure 1). TLR9, TLR5 and TLR10 were
expressed in the greatest number of participants, followed by TLR2 and TLR4; the
transcripts with the lowest percent of expression were TLR6, TLR7 and TLR8 (Figure 1).

Co-expression of platelet TLRs

To assess the correlation between TLR transcript co-expression in platelets, we used a linear
regression model correlating TLR mRNA levels with a correlation coefficient less than
0.5000. Grouping TLRs based on subcellular localization, transcripts of surface TLRs were
highly co-expressed with the highest correlation coefficient between TLR4 and TLR2,
followed by TLR4 and TLR1; TLR2 and TLR1; TLR6 and TLR1; TLR6 and TLR4 (Figure
2). Intracellular or endosomal TLR expression was strongly correlated only between TLR7
and TLR8. High association between co-expression of surface and intracellular TLR
combinations were also observed, with the highest co-expression between TLR1 and TLR7
followed by TLR6 and TLR7 (Figure 2, Supplemental Table I).

Association of Sex on TLR expression

Expression of all platelet TLRs was associated with sex. Platelets derived from women were
more likely to have a higher percent of TLR transcript expressed as compared to men (Table
2). The most notable association of TLR distribution with sex was observed in the
expression of TLR7, TLR9, TLR10 and TLR8 (in this order, Table 2, Figure 1); women had
significantly higher transcript expression. Despite the higher distribution of TLR transcripts
in women, the relative proportion among platelet TLRs was similar in men and women
(Figure 1).

Interestingly, in a subpopulation with normal BMI, only the transcripts of TLR6, TLR7 and
TLRS8 are significantly increased in women when compared to men (Supplemental Table
I1A, Demographics in Supplemental Table 11B).
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Cardiovascular Risk Factors and platelet-TLR expression

Consistent with previous studies, higher mean BMI was most consistently associated with
higher TLR expression (Table 3, Supplemental Table 111)12 in the entire cohort.
Additionally, aspirin intake (presence vs. absence of ingestion >3 times per week) was
associated with decreased expression of TLR1, TLR3, and TLR4 in platelets (Table 3).
Lipid treatment was associated with higher platelet-TLR1, TLR2, TLR3 and TLR9 (Table
3).

Since we observed a marginal sex effect in expression levels we decided to address
correlates stratified by sex. Indeed, our data revealed differences in associations of TLRs
and cardiovascular risk factors between men and women. Table 4 and Supplemental Table
IV show that BMI was associated with greater expression of platelet TLR1, TLR3, TLRS,
TLRY only in women. Additionally, only in women, total cholesterol to HDL ratio was
associated with higher expression of platelet TLR5, TLR7 and TLR10 while lipid treatment
was associated with greater TLR expression only in men.

Inflammatory circulating biomarkers and platelet-TLR expression

To assess the relationship between general vascular inflammation and platelet immune gene
expression, circulating cardiovascular inflammatory biomarkers were correlated with
platelet-TLR expression (Table 5a, Table 5b, and Supplemental Table V-VII). Interestingly,
there were sex-dependent and sex-independent associations. TLR3, TLR7, and TLR10 were
associated with elevated CRP levels in sex-independent fashion. Similarly, in both sexes, an
increase in ICAM1 levels, a risk factor for coronary events!3, was associated with higher
levels of TLR2, TLR4, TLR5, TLR6 and TLR10 transcripts. IL6 was associated with TLR2,
TLR3 and TLR4. MCP1, a cytokine predicting adverse cardiovascular events#: 15 was
associated with greater expression of only TLR1 in both men and women (Supplemental
Table V).

Once stratified by sex, however, distinct associations between plasma biomarkers and
platelet TLR transcripts were evident. In women, TLR expression (except TLR1, TLR8, and
TLR10) was associated with higher mean plasma P-selectin levels. None of the platelet-
TLRs in men were associated with P-selectin. In men, higher levels in the cardiovascular
inflammatory mediators TNFR1 and ICAM1 were associated with specific TLRs (TNFR1
with TLR2, TLR3, TLR5, TLR9 and TLR10 and ICAM1 with TLR1, TLR6, TLR7 and
TLRO9). For IL6, there was an association with higher levels of TLR1, TLR6, TLR7 and
TLR9 in men. MCP1 levels were associated with higher levels of TLR3, TLR5, TLR7 and
TLR9 in men which was not observed in women. In women high IL6 levels were associated
with TLR10 expression and high MCP1 was correlated with TLR2 and TLR10. These data
suggest that in addition to the common inflammatory profile correlated with platelet TLRs,
platelet TLRs derived from women associate with pro-thrombotic P-selectin and in men
TLR expression associates with the inflammatory mediators TNFR1 and ICAML1.
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Correlation between TLRs and expression of transcripts coding for proteins involved in
their downstream signaling pathways (MyD88) or endosomal translocation (UNCB93B1)

In cells, all TLRs with the exception of TLR3 (no data currently available for TLR10) can
signal by engaging the myeloid differentiation primary response gene 88 (MyD88) adapter-
protein pathway and eventually initiate nuclear events8. As seen in Table 6, presence of
MyD88 transcript in platelets was associated with higher expression of all TLRs with the
exception of TLR10. These data are consistent with co-expression of TLRs and their
downstream signaling pathways.

UNC93BL is a protein associated with the translocation of TLR3, TLR7 and TLR9 from the
endoplasmic reticulum to the endolysosomes?8. Platelets lack proper endosomal structures
but contain lysosomes. In our study, UNC93BL1 in platelets strongly associated with
presence of all of TLRs (Table 6).

Discussion

Platelets play an intricate role in thrombosis, myocardial infarction, and thrombotic stroke
and have functional TLR2, TLR4, TLR9 and TLR73:6: 7. 10, T R1, TLR2, and TLR4 are
expressed in human atherosclerotic lesions!” and TLR4 polymorphism (Asp299Gly
abolishing signaling) is associated with reduced atherosclerosis8, atherosclerosis
progression!?, and with decreased risk of acute coronary events’. Using the FHS Offspring
cohort, we sought to examine if platelets demonstrate specific immunity or broadly express
TLRs and if presence of TLRs in platelets is associated with vascular inflammation and/or
cardiovascular risk factors. We report that platelets expressed all TLRs, but at variable
levels. Further, platelet TLRs were found at higher percent in women and the TLRs varied in
their association with different cardiovascular risk factors and circulating inflammatory
biomarkers by sex.

The ultimate function of TLRs is to initiate the initial immune response to infections.
Platelets and platelet-TLRs are instrumental in the initial response to infection and ablation
of platelets before viral infection3 or LPS-induced septic shock?0 leads to decreased survival
in mice. Interestingly, men are generally more susceptible to a vast onset of bacterial, viral,
or parasite infections than women 21-23 and have lower survival rates?3. In the case of
hospital-acquired pneumonia, or HIV, however, women experience worse clinical
outcomes?* 25, Here we show that not only are women more likely to have higher levels of
platelet-TLRs, but these TLRs associate with different inflammatory patterns. In addition,
even in a sub-cohort with normal BMI, women continued to have higher expression of
TLR6, TLR7 and TLR8. It is possible that platelets, as the most abundant blood component
(after red blood cells), are contributing to the sex-mediated response during infection and
consequently contributing to morbidity and mortality.

It has long been established that cardiovascular outcome varies by sex. Diabetes and
hypertension are stronger contributors to the outcome of myocardial infarction in women
than in men2% 27, Platelets play a key role in myocardial infarction by adhering to the
raptured atherosclerotic plague and thereby contribute to the pathogenesis of the event. As
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previously discussed, some platelet TLRs have been described as pro-thrombotic and this
may contribute to clot burden in the setting of MI.

Using a large community-based cohort study, we report significant associations between
cardiovascular risk factors, inflammatory circulating cytokines, and platelet transcripts that
vary by sex. The variation by sex is particularly interesting as only TLR7 and TLR8 are
located on the X chromosome; the remaining TLRs are on autosomal chromosomes (TLR1,
TLR2, TLR3, TLR6 and TLR10 on chromosome 4, TLR4 on chromosome 9, TLR5 on
chromosome 1)28. In our study, cardiovascular risk factors including BMI and total
cholesterol to HDL ratio were associated with TLR transcripts predominantly in women.
Blood pressure, hypertensive treatment, and lipid-lowering treatment associated with platelet
TLR expression only in men. Furthermore, these observations are interesting as sex-
mediated differences in platelet-TLR signatures may translate into modifications of
therapies that may lead to more effective, sex-targeted, clinical outcome.

Circulating inflammatory biomarkers also had varied in their patterns of association with
TLR expression by sex. Interestingly, differences in cytokine profiles between men and
women have been described during infection? 29 but have not been stratified during
cardiovascular events. In our study, plasma P-selectin, a pro-thrombotic biomarker, was
associated with TLR expression only in women. In men, inflammatory biomarkers
predicting cardiovascular risk, such as TNFR1, ICAM1 and MCP1, were associated with a
greater number of TLRs as compared to women.

Cardiovascular, sex-dependent differences have been described with TLR genetic variants.
TLR4 (Asp229Gly) polymorphism, for instance, is associated with an increased risk of
myocardial infarction in men but not in women30. These findings suggest that TLR signature
in men and women may be differentially regulated in platelets depending on the
inflammatory status and may lead to differences in cardiovascular risk.

Downstream signaling of all TLRs, with the exception of TLR3 (TLR10 signaling is
unknown), involve physical engagement of the MyD88 adopter protein and initiate distinct
inflammatory responses in nucleated cells. In platelets, MyD88 is able to mediate granular
release and potentiate platelet aggregation in a TLR4-, and TLR9-dependent manner % 14,
The current study suggests that TLR signaling in platelets functions in a conventional
manner and requires MyD88. The fact that TLR3 associates with Myd88 is not surprising as
TLR3 is co-expressed with other TLRs in platelets. Further, UNC93BL1 is an ER protein
necessary for the trafficking of endosomal TLRs from the ER to the endosomes or
lysosomes1®. Thus, the association between the UNC93B1 transcript and other TLRs,
although unexpected, is consistent with co-expression between endosomal and surface
receptors.

A limitation of our study is that the cohort was comprised of middle-age to older adults of
European descent. A polymorphism of TLR7-TLR8 for instance has been associated with
differential outcomes depending on sex in Swedish vs. Chinese populations3!. Whether our
findings will generalize to other ages or races/ethnicities is uncertain. However, our study is
particularly important in reference to previous observations that older women may have a
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worse outcome in the setting of cardiovascular disease as compared to men3. Our study was
cross-sectional and observational; hence the temporality of the associations and whether
they are causal cannot be determined. We cannot exclude residual confounding or false
positive findings by virtue of multiple testing.

In conclusion, our large human expression data are the first to demonstrate that all TLR
transcripts are present in platelets and these transcripts are more likely to be expressed at
higher levels in women. Additionally, these data are the first to show that, depending on sex,
platelet TLR transcripts associate with different cardiovascular risk factors and circulating
inflammatory levels. Further study will be required to clarify whether platelet TLRs provide
a link between infection, immunity and CVD that may be distinct between men and women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Cardiovascular disease and infection exhibit sex differences, but these variances are
poorly understood and relatively understudied. Platelets are central in mediating
thrombosis, cardiovascular outcomes and more recently have been described as
instrumental in host survival during infections. Toll-like receptors (TLRs) have been
described as crucial for initiating the immune response to foreign pathogens. There is a
growing appreciation that infections are associated with an increased risk of
cardiovascular diseases including myocardial infarction and stroke due to prothrombotic
events that occlude blood vessels. In a large community-based study involving 1625
participants (Framingham Heart Study), we found that platelets express all TLR
transcripts at variable levels and, surprisingly, women had higher levels of all known
TLRs (1-10). Further, men and women have distinct associations with cardiovascular risk
and inflammatory biomarkers. This is the first epidemiological study using a large cohort
that describes associations of platelet TLRs with cardiovascular risk factors and
inflammation.
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Figure 1. Percent of people expressing platelet TLRswith Ct<25
Bar graph plots of percent of individuals with each TLRs expressed in platelets from the

total analyzed FHS sample population (n=1625, Visit 8; black bar), men (gray) and women

(white) and confidence intervals (expressed as deviations). As shown in table 2, platelets of

women were more likely to express all TLRs.
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Figure 2. Correlations between TL Rs grouped based on céllular localization
Scatter plots of TLRs in the platelets of people from the FHS (n=1625, Visit 8). Pearson

correlation coefficient (r) was calculated between the normalized values of the transcript of
each TLR pairs.
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Characteristics of the Framingham Offspring Study Sample Participants

Koupenova et al.
Variable
Sample Size n=1625
Women, n (%) 880 (54)
Age, years 66.6+8.6
Body mass index, kg/m? 28.1+5.1
Overweight - 25sBMI1<30, n (%) 679 (42)
Obese - BMI=30, n (%) 489 (30)
Diabetes, n (%) 232 (14)
Total cholesterol/HDL ratio, mg/100 mL 3.5+1.1
Triglycerides, mg/100 mL 117468
Systolic blood pressure, mmHg 129+17
Diastolic blood pressure, mmHg 73+10
Prevalent coronary heart disease, n (%) 171 (11)
Smoker, n (%) 129 (8)
Antihypertensive Treatment, n (%) 815 (50)
Lipid Treatment, n (%) 715 (44)
Aspirin (3 times a week), n (%) 743 (46)
Current hormone replacement therapy, n (%) 94 (6%)

*
HDL-high density lipoprotein; n=number of participants. Values are expressed at n (%) or mean +SD.
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Association of sex with the expression of TLR Transcripts (Ct<25) in FHS Community Cohort (Visit 8,
n=1625, 745 males, 880 females).

OR (95%CI)"

p-value

TLR1
TLR2
TLR3
TLR4
TLRS
TLR6
TLR7
TLR8
TLR9
TLR10

1.66 (1.35, 2.05)
152 (1.22, 1.91)
1.68 (1.36, 2.06)
1.30 (1.05, 1.60)
1.37 (1.01, 1.87)
1.68 (1.30, 2.18)
2.21 (1.75, 2.80)
2.00 (151, 2.64)
2.07 (1.43, 3.00)
2.07 (1.58, 2.70)

1.3e-06
2.5e-04
9.9e-07
1.7e-02
4.5e-02
6.6e-05
4.8e-11
1.2e-06
1.1e-04
9.8e-08

Table 2

Page 14

*
Odds ratios (OR) from logistic regression models predicting TLR expression in women compared to men adjusting for clinical confounders listed

in Table 1.
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Statistically significant (p<0.05) associationswith CVD measuresand TLR gene
expression (Ct<25) in FHS Community Cohort (N=1625)

Table 3

TLR1
TLR2
TLR3
TLR4
TLRS5
TLR6
TLR7
TLR8
TLR9
TLR10

BMI
OR (95%CI)"

Diastolic BP
OR (95%CI)*

Aspirin
OR (95%CI)"

Anti-Lipid Rx
OR (95%CI)*

1.02 (1.00, 1.04)
1.03 (1.01, 1.05)
1.02 (1.00, 1.04)

1.03 (1.0, 1.05)
1.03 (1.01, 1.06)
1.04 (1.01, 1.06)

0.80 (0.65, 0.99)

0.81 (0.66, 0.99)
0.78 (0.63, 0.96)

1.31 (1.05, 1.63)
1.44 (1.13, 1.84)
1.25 (1.01, 1.56)

1.49 (1.00, 2.21)

Page 15

*

Odds ratios (OR) from logistic regression models associated with TLR expression adjusting for clinical confounders listed in table 1. ORs are
expressed per one unit increase of continuous measures and presence vs. absence of use for medications. Only statistically significant associations
are listed in this table. Full model results available in Supplemental Table I11. BMI-body mass index, BP- blood pressure, lipid Rx-lipid lowering
treatment, aspirin taken =3 times a week.
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Table 6

Page 19

Co-expression of MYD88 and UNC93B1 (dCt values’) and TLR gene expression (Ct<25)

in FHS Community Cohort (N=1625, Visit 8)

MyD88
OR (95%CI)"

UNC93B1
OR (95%CI)"

TLR1

TLR2

TLR3

TLR4

TLR5

TLR6

TLR7

TLR8

TLR9

TLR10

1.38 (1.31, 1.45)
p=6.0e-36

1.07 (1.02, 1.11)
p=2.9e-03

1.10 (1.06, 1.15)
p=5.7e-07

1.05 (1.01, 1.10)
p=7.3¢-03

0.88 (0.83, 0.92)
p=9.1e-08

1.28 (1.22,1.34)
p=4.4e-23

1.54 (1.46, 1.64)
p=3.7e-46

1.57 (1.47, 1.68)
p=1.9e-41

0.88 (0.83, 0.93)
p=4.9e-06

0.97 (0.92, 1.01)
p=1.2e-01

1.40 (1.33, 1.48)
p=3.1e-33

1.37 (1.30, 1.45)
p=5.3e-30

1.53 (1.44, 1.63)
p=4.2e-44

1.34 (1.27,1.41)
p=3.5e-28
1.38 (1.29, 1.47)
p=2.3e-23

1.45 (1.36, 1.56)
p=2.2e-25

1.46 (1.37, 1.56)
p=1.0e-29

1.55 (1.43, 1.68)
p=3.0e-27

1.41(1.32,1.52)
p=2.3e-22

1.61 (1.50, 1.72)
p=9.9e-41

*
Odds ratios (OR) from logistic regression models predicting TLR expression adjusting for clinical confounders listed in table 1. MyD88 (Myeloid

differentiation primary response gene 88) and UNC93B1 (UNC-93 homolog B1) dCt values were inverted so that OR>1 indicate increased
expression in those expressing TLR and OR<1 indicated decreased expression in those expressing TLRs.
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