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Purpose: Assessing an individual’s systemic inflammatory state is vital to understand inflammation’s role in cardiometabolic diseases
and identify those at the greatest risk of disease. We generated global inflammation scores and investigated their associations with
cardiometabolic risk factors and adverse outcomes.

Patients and Methods: Aggregate Inflammation Scores (AIS) and Principal Component Analysis (PCA) scores were generated for
7287 Framingham Heart Study participants using up to 26 inflammation-related proteins, with higher scores reflecting a pro-
inflammatory milieu. Multivariable regression and proportional hazards analyses were conducted to investigate the associations of
inflammation with cardiometabolic risk factors and outcomes. The primary outcomes for cross-sectional analyses included age,
cigarette smoking, fasting lipid and glucose levels, blood pressure, body mass index (BMI), and hypertension, diabetes, and obesity.
For prospective analyses, new-onset hypertension, diabetes, obesity, cardiovascular disease and all-cause mortality were investigated.
Results: Higher inflammation scores were associated with smoking and older age, higher BMI, systolic blood pressure, lipids, and
glucose levels, and with greater odds of hypertension and diabetes after adjusting for age, sex, cohort, and BMI (all p < 0.001). Higher
baseline scores were associated with greater odds of new-onset hypertension after adjusting for traditional risk factors (OR [95% CI]
per one standard deviation [1-SD] increase, AIS: 1.33 [1.21-1.47], PCA score: 1.26 [1.12-1.42], p < 0.001). The AIS also was
associated with new-onset diabetes (1.32 [1.14-1.52], p < 0.001). Proportional hazards analyses revealed greater risk of new-onset
cardiovascular disease events and all-cause mortality (HR [95% CI] per 1-SD, AIS: 1.25 [1.14-1.37] and 1.32 [1.23-1.42], PCA score:
1.22 [1.13-1.33] and 1.40 [1.31-1.49], p < 0.001).

Conclusion: Global inflammation scores encompassing an array of pro- and anti-inflammatory proteins and pathways may enhance
risk assessment for cardiometabolic diseases. The AIS and PCA scores provide further opportunities to investigate the mechanisms of
inflammation-related risk of disease.
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Introduction

Inflammation pathways play a critical role in health and disease. Through acute inflammatory processes including
vasoconstriction, leukocyte chemotaxis and extravasation, and the acute phase response, the innate immune system,
and to some extent the adaptive immune system, protects the body against foreign pathogens, tissue damage, and
oxidative stress. Excessive and protracted inflammation, however, can culminate in chronic inflammation that is a feature
of atherosclerosis, a key contributor to cardiovascular disease (CVD).' In addition to its role in CVD, chronic
inflammation is a critical contributor to kidney,*® lung,” and autoimmune diseases.® It is thought that the association
of inflammation with CVD is mediated in part by dysregulated inflammation. The ability to better assess the inflamma-
tory milieu may thus aid in understanding an individual’s risk of CVD and other inflammation-linked diseases.
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Previous studies have explored the adverse consequences of excessive inflammation and its relations to long-term health
and predisposition to disease.” Associations of protein biomarkers of systemic and acute inflammation with risk of myocardial
infarction, type 2 diabetes, and chronic obstructive pulmonary disease have been reported in both cross-sectional and
prospective studies.'®'? More recently, several studies have generated multi-marker inflammation scores to explore how
systemic inflammation is linked to a variety of adverse clinical outcomes. Many of these studies relied on circulating levels of
a small number of proteins, most notably pro-inflammatory C-reactive protein, to generate inflammation scores linked to
adverse outcomes.'* ' Several recent studies have employed principal component analysis (PCA), a technique that reduces
large datasets into smaller factors that capture patterns within a dataset.'®'” In a recent study, PCA was used to characterize
inflammation in patients with heart failure with a preserved ejection fraction.'’

The limitation of using single or a few biomarkers to characterize inflammation is that there is an abundance of
inflammation-related proteins and inflammation is regulated by multiple pathways with redundancy and checks and
balances. Moreover, the interplay between pro- and anti-inflammatory proteins adds to the complexity of inflammation.
While many inflammatory scores focus solely on pro-inflammatory proteins, some inflammatory scores also consider
anti-inflammatory proteins to counterbalance the directional effects of their pro-inflammatory counterparts.'® Most
scores, however, are limited to a handful of inflammation-related proteins as proxies of the intricate innate and adaptive
immune system responses. Thus, many scores may not capture the breadth of the complex inflammation network that can
be used in analyses of inflammation-related diseases.

In this study, we leveraged multiple inflammation-related proteins measured as part of the Systems Approach to
Biomarker Research (SABRe) in Cardiovascular Disease initiative'” to construct two inflammatory scores in over 7000
participants in the Framingham Heart Study (FHS). The first score, an aggregate inflammatory score (AIS), sums the
levels of 24 inflammatory biomarkers after accounting for their pro- or anti-inflammatory properties. The second score
uses a PCA approach to group inflammation-related biomarkers and constructs an inflammatory score. These inflamma-
tory summary scores were then investigated for (1) their cross-sectional associations with cardiometabolic risk factors,
(2) their prospective associations with new-onset hypertension, diabetes, and obesity, and (3) their relations to new-onset
CVD and death during follow-up.

Methods
Study Sample

The FHS has recruited three generations of participants in whom it has conducted repeated examinations and obtained
biosamples to generate multi-omics data resources. As part of the FHS SABRe CVD Initiative, 71 CVD-related
circulating proteins were measured, spanning multiple biological processes, with selection of candidate proteins based
on literature review, genome wide association studies, and proteomic and transcriptomic studies of CVD and its risk
factors.'” The plasma proteins were measured in 3254 FHS Offspring cohort participants (exam 7; 1998-2001) and 4033
FHS Third Generation cohort participants (exam 1, 2002-2005).">*° This study was approved by the Boston Medical
Center Institutional Review Board, and written informed consent was obtained from all FHS participants in the study,
adhering to the principles of the Declaration of Helsinki.

Protein Measurement

Blood plasma samples were obtained from FHS study participants and stored at —80°C. From these samples, the
circulating levels of 85 proteins were measured: 14 proteins were identified as having high proportion of samples falling
below the lower limits of detection and were excluded, leaving a total of 71 proteins for the current study. Protein
measurements were carried out using a modified Enzyme-Linked Immunosorbent Assay (ELISA) sandwich protocol and
multiplexed on a Luminex xMAP platform (Sigma-Aldrich, St. Louis, MO) as previously described.'® Briefly, singleton
assays were developed to measure each protein biomarker before creating the multiplexed panel assays for compatible
biomarker targets. For protein measurement calibration, a seven-point calibration curve was used in triplicate. Intra- and
inter-assay coefficients of variation were determined using quality control samples: high and low spikes (Supplementary
Table 1).
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Separate high sensitivity C-reactive protein (hsCRP) plasma measurements were previously obtained using a Dade
Behring CardioPhase hsCRP enzyme immunoassay. The assay consists of polystyrene particles with an antibody coating
of monoclonal antibodies specific to C-reactive protein as detailed in prior studies.”' The protein levels were then
quantified using nephelometry.

Internal Validation

The total study sample was split 50:50 by pedigree to produce discovery (n = 3645) and validation (n = 3642) sets that
were relatively free of relatedness. These sets were utilized in a secondary analysis to investigate the internal replicability
and robustness of the cross-sectional association results.

Data Processing

Protein measurements were scaled using a transformation based on the floor value in the protein dataset (1/10'°8!0ooy
to resolve the large differences in the magnitudes of observed plasma levels across all proteins. This transform guarantees
the output to be between 0 and 10. Protein measurements were missing in a small number of participants (maximum
number of missing values was observed for the protein leptin [n = 105; 7%]); missing protein values were imputed via
the multivariate chain imputation (MICE) method.?? This scaled and imputed dataset was used to generate the PCA
scores. In order to obtain a normally distributed protein dataset for the AIS, protein values in the scaled imputed dataset

were then rank normalized (inverse normal transformation).

Identification and Characterization of Inflammatory Proteins

To identify inflammatory functions, the ontologies of the 71 SABRe proteins were classified using Gene Ontology (AmiGO 2,
v. 2.5.13).2 % The Gene Ontology annotations for each protein were investigated using the “gene and gene products” search
(organism: Homo sapiens). A protein was considered inflammatory if it was identified as having the broad Gene Ontology
annotation “inflammatory response” (GO:0006954). The categorization was further verified via the use of a second annotation
tool, QTAGEN Ingenuity Pathway Analysis (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway
-analysis), yielding 26 proteins with inflammation annotations (Supplementary Table 2). Data for all 26 inflammatory proteins

were used to generate the PCA score.

The inflammatory proteins were categorized as pro-inflammatory or anti-inflammatory to develop an aggregate score that
accounted for each protein’s inflammatory properties. This characterization utilized two steps. The first step entailed
a literature review to identify which proteins were pro-inflammatory and anti-inflammatory based on consensus within the
literature. This identified two hallmark pro-inflammatory proteins (C-reactive protein and monocyte chemotactic molecule 1)
and two hallmark anti-inflammatory proteins (soluble receptor for advanced glycosylation endproducts and insulin-like
growth factor 1). In the second step, the remaining proteins were categorized based on each protein’s correlations with the
four literature defined pro-inflammatory and anti-inflammatory proteins. Using the scaled, unimputed dataset, a matrix of
pairwise Pearson coefficients of correlation was produced for all 26 inflammatory proteins based on all available values in the
study sample. The proteins were assessed for their correlations with the four literature defined pro-/anti-inflammatory
proteins. A protein was defined pro- or anti-inflammatory if it had statistically significant (Bonferroni corrected threshold
p < 0.05/(26%25/2) = 1.54 x 10™*) and directionally consistent correlations with at least two of the four flagship pro-
inflammatory and anti-inflammatory markers. For example, a protein was defined as pro-inflammatory if it had positive
correlations with both of the hallmark pro-inflammatory proteins or a negative correlation with a hallmark anti-inflammatory
protein and a positive association with one of the hallmark pro-inflammatory proteins. Two proteins (clusterin and kallikrein)
presented conflicting correlations and could not be categorized into either of the two categories (Supplementary Table 3).

These two proteins were excluded from the AIS but were retained for the PCA approach.

Construction of Inflammatory Scores

To create the AIS, the directionality and levels of the 21 pro-inflammatory and three anti-inflammatory proteins were
considered jointly and summed up as described below. In constructing the AIS score, rank normalized values for anti-
inflammatory proteins were multiplied by —1, while observed values of pro-inflammatory proteins were retained. This
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approach allowed the summation of inflammatory properties: a net positive value was considered to reflect pro-
inflammatory influences and a net negative value to reflect an anti-inflammatory milieu (Supplementary Table 4).

For the PCA inflammatory score, PCA was conducted on the scaled, imputed dataset. The individual loadings for each
protein in the first principal component captured 89.7% of protein variance and were utilized in the PCA score
(Supplementary Table 5). An individual’s score was calculated by summing the weighted protein measurements (loading

factor * scaled protein measurement) for all 26 SABRe inflammatory proteins.

Statistical Analyses

The PCA and AIS scores were investigated for cross-sectional associations with cardiometabolic risk factors at baseline.
In this analysis, systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting lipids (triglycerides, total
cholesterol, and HDL-cholesterol), fasting glucose, and body mass index (BMI; weight in kilograms divided by the
square of height in meters) were individually tested for associations with the scores in linear regression models. Due to
the effects of lipid-lowering, glucose-lowering, and blood pressure-lowering medications on the corresponding risk
factors, lipid levels, blood pressure, and fasting glucose levels were imputed using a previously described technique to
account for medication effects.?® In brief, fasting triglyceride and total cholesterol levels were raised by 20% and 33%,
respectively, while HDL levels were lowered by 10% for individuals using lipid-lowering medications; systolic and
diastolic blood pressures were raised by 15 and 10 mmHg, respectively, for participants using blood pressure lowering
medications; fasting glucose was raised to the larger of a 10% increase or 126 mg/dL for individuals using diabetes
medication. Each specific score was used as the predictor in the linear models. Separate sensitivity analyses were
conducted in which participants using medications that are used for the risk factor of interest were excluded from the
analyses. In a separate model, age, smoking status (current smoker [yes/no]), and sex were individually investigated as
predictors in the regression model to determine their association with an individual’s inflammatory score, after adjusting
for study cohort and the established inflammation covariates (age and sex) where relevant. Additionally, logistic
regression was used to study the individual cross-sectional associations of the scores with prevalent diabetes (fasting
glucose >126 mg/dL or use of diabetes medication), obesity (BMI >30 kg/m?), and hypertension status (SBP >130 or
DBP >80 mmHg or use of antihypertensive medication).

Logistic regression was used in prospective analyses to investigate the associations of the inflammatory scores with
new-onset hypertension, diabetes, and obesity between the baseline and follow-up examinations (mean interval = 6.36
years, standard deviation = 0.701). After excluding individuals who did not attend the follow-up exam, 6132 individuals
were available for prospective analyses. Model 1 adjusted for age, sex, and cohort, while Model 2 additionally adjusted
for the relevant cardiometabolic risk factor at baseline (SBP and DBP in new-onset hypertension analyses; fasting
glucose in new-onset diabetes analyses; BMI in new-onset obesity analyses). Additional models further adjusted for
baseline BMI or baseline hsCRP protein levels.

Cox regression models were used to investigate the association between the inflammatory scores and the prospective
outcomes of new-onset CVD and all-cause mortality. The primary CVD outcome was a composite of new-onset coronary
heart disease (including myocardial infarction, coronary insufficiency, and coronary revascularization procedures), heart
failure, atherothrombotic stroke, and CVD death. Definitions of these outcomes are provided elsewhere. Of the 7287
participants with biomarker data, those without qualifying event data and relevant clinical covariates (age, sex, cohort,
blood pressure, hypertension medication use, total cholesterol/HDL-cholesterol ratio, diabetes status, and smoking status)
were excluded. Participants 50 years of age or younger were also excluded from CVD event and all-cause mortality
analyses due to the rarity of such events among younger participants (n = 3799 individuals excluded based on all
exclusion criteria). The final study sample for all-cause mortality analyses included 3488 participants. In the analysis of
new-onset CVD, participants with a prior diagnosis of CVD were excluded (n = 387), leaving a study sample of 3101
participants. Cox regression models were adjusted for baseline age (10-year groupings), sex, cohort, smoking status,
baseline systolic blood pressure and hypertension medication use, total cholesterol/HDL-cholesterol ratio, and diabetes
status with each score investigated separately as a predictor. In secondary analyses, the associations of the scores with the
individual components of the composite CVD outcome were assessed separately using the same covariate adjustments.
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The associations of hsCRP levels at baseline with new-onset CVD, all-cause mortality, and individual CVD endpoints
were additionally investigated in secondary analyses.

Pathway-Specific Inflammatory Scores

To gain detailed insight into the associations of specific inflammation-related pathways with outcomes, pathway-specific
AIS scores were generated. The Gene Set Enrichment Analysis (GSEA) webtool was used to identify the top ten
canonical pathways that were significantly enriched (FDR < 0.05) in the set of 26 inflammatory proteins using all
available canonical pathway gene sets: KEGG, Reactome, BioCarta, PID, and Wikipathways.?’*® The AIS method was
then utilized to construct pathway-specific inflammatory scores. These pathway-specific AIS scores were then investi-
gated for their associations in cross-sectional and prospective analyses as detailed above.

Results

Clinical Characteristics

The clinical characteristics of the study sample at baseline are presented in Table 1. In the combined cohort dataset, the
average participant age was 49 years and 53% of the study population were women. The pairwise Pearson coefficients of
correlation for the proteins are summarized in Supplementary Table 3. Approximately 71% of protein pairwise correla-

tions were negligible or small (|r] < 0.2) and only 3% of unique pairs had an absolute correlation greater than 0.4. The
largest correlation was observed between pro-platelet basic protein (PPBP) and LDL receptor (r = 0.66).

Cross-Sectional Associations with Cardiometabolic Risk Factors

Aggregate Inflammatory Score

Regression analyses revealed that the AIS was higher with increasing age, higher in men than in women and higher in current
smokers than in never or former smokers (p < 2.70 x 10"?; Table 2, (A); Supplementary Figure 1). Additionally, a higher AIS

was associated with higher blood pressures (systolic and diastolic), BMI, and fasting glucose levels (all p <2.40 x 10>°; Table 2
(B)). Additionally, a higher AIS was associated with higher fasting triglyceride and total cholesterol levels (all p <3.59 x 10™'%),
and with lower HDL cholesterol (p = 1.30 x 10~'7"; Table 2 (B)). In secondary analyses (Model 2), associations of AIS with
cardiometabolic risk factor associations remained statistically significant after additional adjustment for BMI (Table 2 (A and B),
Model 2). A higher AIS was also found to associate with a greater odds of obesity (odds ratio [OR] per 1 standard deviation
[1-SD] increment in the AIS, 2.70; [95% CI], 2.52-2.90), hypertension (OR 1.67; [95% CI] 1.57-1.76), and diabetes (OR 2.38;
[95% CI] 2.13-2.66; Table 2 (C), Model 1). After adjusting for corresponding cardiometabolic risk factors (model 1 + risk factor

Table | Baseline Characteristics of the Study Sample

Characteristic Off Spring Exam 7, | Third Generation Exam |, Total
1998-2001 2002-2005 N = 7287°
N = 3254° N = 4033*
Age, years 61 (9) 40 (9) 49 (14)
Women 1739 (53%) 2145 (53%) 3884 (53%)
Body Mass Index, kg/m? 28.2 (5.3) 26.9 (5.5) 27.4 (5.5)
Weight, Ibs 175 (39) 173 (41) 174 (40)
Current Smokers 430 (13%) 704 (17%) 1134 (16%)
Hypertensive 1994 (61%) 1532 (38%) 3526 (49%)
Hypertension treatment 1108 (34%) 349 (8.7%) 1457 (20%)
Triglycerides, mg/dL 144 (97) 118 (95) 129 (97)
Total Cholesterol, mg/dL 212 (41) 193 (40) 202 (41)
Diabetic 365 (11%) 119 (3.0%) 484 (6.6%)
Diabetes treatment 218 (6.7%) 73 (1.8%) 291 (4.0%)
Glucose, mg/dL 106 (31) 96 (20) 100 (26)

Notes: *Mean (SD); n (%).
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Table 2 Aggregate Inflammatory Score: Cross-Sectional Associations with Cardiometabolic Risk Factors

A

Model 12 Model 2°
Risk Factor Beta (95% CI) Standard Error P value Beta (95% CI) Standard Error P value
Age (years) 0.26 (0.24-0.28) 0.0l 8.60E-107 0.22 (0.20-0.24) 0.01 8.40E-99
Sex (Male) 2.26 (1.85-2.67) 0.21 9.90E-27 1.10 (0.73-1.47) 0.19 7.89E-09
Never vs Current Smokers 3.27 (2.66-3.88) 0.31 2.61E-26 3.35 (2.82-3.88) 0.27 6.98E-34
Never vs Former Smokers 0.24 (—0.23-0.71) 0.24 3.32E-01 —0.02 (-0.45-0.41) 0.22 9.24E-01
Former vs Current Smokers 3.22 (2.57-3.87) 0.33 2.70E-22 3.68 (3.094.27) 0.30 1.98E-34
B

Model 12 Model 2°
Risk Factor Beta (95% CI) Standard Error P value Beta (95% CI) Standard Error P value
Triglycerides (mg/dL) 0.009 (0.009-0.009) > 0.000 1.69E-191 0.007 (0.007-0.007) > 0.000 1.90E-87
Total Cholesterol (mg/dL) 0.454 (0.352-0.556) 0.052 3.59E-18 0.26 (0.146-0.374) 0.058 7.14E-06
HDL-Cholesterol (mg/dL) -0.539 (—0.576—0.502) 0.019 1.30E-171 —0.389 (—0.430 - —0.348) 0.021 1.73E-77
Glucose (mg/dL) 0.608 (0.547-0.669) 0.031 1.49E-83 0.368 (0.301-0.435) 0.034 5.32E-27
SBP (mmHg) 0.426 (0.383-0.469) 0.022 3.66E-82 0.225 (0.178-0.272) 0.024 6.65E-21
DBP (mmHg) 0.211 (0.186-0.236) 0.013 2.40E-55 0.067 (0.040-0.094) 0.014 3.68E-06
BMI (kg/m?) 0.266 (0.254-0.278) 0.006 < 1.00E-200 * * *
C

Model 1? Model | + Risk Factor Adjustments®
Outcome OR 95% CI P value OR 95% CI P value
Hypertension 1.67 (1.57-1.76) 9.18E-67 1.30 (1.16-1.46) 1.23E-05
Diabetes 238 (2.13-2.66) 1.90E-53 111 o 1.00E+00
Obesity 2.70 (2.52-2.90) 1.71E-175 2.70 o 9.96E-01

Notes: ® Model I: AIS = Age + Sex + Cohort; Risk Factor = AIS + Age + Sex + Cohort. "Model 2: AIS = Age + Sex + Cohort + BMI; Risk Factor = AIS + Age + Sex +
Cohort + BMI. “Model: Outcome = AlS + Age + Sex + Cohort + Relevant Risk Factor (SBP and DBP for hypertension, glucose for diabetes, and BMI for obesity). *Model 2
includes an adjustment for BMI. **Upper and lower confidence limits approach infinity and negative infinity. (A) Two logistic regression models were used utilizing the AlS as
the independent variable and the dichotomous risk factors as the dependent variable: Model | (age, sex, and cohort adjusted) and Model 2 (age, sex, cohort, and BMI
adjusted). In both models, the appropriate covariate (age or sex) was removed as a covariate when that variable is investigated as the outcome. (B) Two linear regression
models were used utilizing the risk factors as independent variables and the AlS as the dependent variable using the same list of covariates. Only participants with fasting
measurements were included in triglycerides, total cholesterol, HDL, and glucose analyses. Triglyceride levels were log transformed (log)o) in order to obtain normality. For
age and sex analyses, the relevant model excluding the adjustment for that respective risk factor was utilized. Bonferroni corrected p value = 3.33E-03 (0.05/15). (C) For the
disease outcomes, logistic regression was used, in accordance with Models | and 2. There were 3526 cases of hypertension at baseline of the 7270 participants at risk, 484
cases of diabetes at baseline out of the 7284 participants at risk, and 1881 cases of obesity at baseline of the 7287 participants at risk. Odds ratios (OR) are presented per
1-SD increase in the respective inflammatory score.

Abbreviations: SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure.

adjustment), the association of AIS with hypertension remained significant (Table 2 (C), Model 1 + risk factor adjustments).
Following the exclusion of participants using lipid-lowering, blood pressure-lowering, or glucose-lowering medication in
sensitivity analyses, all associations with cardiometabolic risk factors remained significant, except for systolic blood pressure
(Supplementary Table 6). When the overall sample was split by pedigrees into separate discovery and internal validation sets, all

significant associations from the primary analyses of the overall dataset remained significant in both split datasets
(Supplementary Table 7, replication defined as p < 3.33 x 10> = 0.05/15 traits), reflecting the robustness of the associations.

Principal Component Analysis Score

The PCA score also demonstrated statistically significant associations with older age, cigarette smoking, and cardiometabolic risk
factors (all p < 2.42 x 1077; Table 3, (A and B); Supplementary Figure 2). In Model 1, no significant associations were found
between PCA scores and sex or total cholesterol (p > 1.25 x 10™"; Table 3, (A and B)). In secondary analyses (Model 2), all
significant risk factor associations, except the association with diastolic blood pressure, remained statistically significant following
additional adjustment for BMI (Table 3 (A and B), Model 2). At baseline, a 1-SD increase in the PCA score was also found to
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Table 3 Principal Component Analysis Score: Cross-Sectional Associations with Cardiometabolic Risk Factors

A

Model 1* Model 2°
Risk Factor Beta Standard Error P value Beta Standard Error P value
Age (years) 9.21 (8.60-9.82) 0.31 8.52E-189 8.69 (8.10-9.28) 0.30 1.43E-178
Sex (Male) —1.31 (-12.25-9.63) 5.58 8.15E-01 —18.51 (-29.21 - -7.8I) 5.46 7.07E-04
Never vs Current Smokers 41.93 (26.80-57.06) 772 5.81E-08 43.01 (28.31-57.71) 7.50 1.03E-08
Never vs Former Smokers 0.24 (—12.50-12.98) 6.50 9.71E-01 —3.64 (—15.95-8.67) 6.28 5.62E-01
Former vs Current Smokers 49.94 (31.67-68.21) 9.32 8.90E-08 57.4 (39.68-75.12) 9.04 2.38E-10
B

Model 1* Model 2°
Risk Factor Beta Standard Error P value Beta Standard Error P value
Triglycerides (mg/dL) > 0.000 (>0.000 - >0.000) > 0.000 3.96E-49 > 0.000 (>0.000 - >0.000) > 0.000 8.60E-18
Total Cholesterol (mg/dL) —0.003 (—0.007-0.001) 0.002 1.25E-01 —0.009 (—0.013 - —0.005) 0.002 1.47E-05
HDL-Cholesterol (mg/dL) —0.009 (-0.011 - —0.007) 0.001 6.43E-32 —0.004 (—0.006 - —0.002) 0.001 1.11E-08
Glucose (mg/dL) 0.015 (0.013-0.017) 0.001 1.64E-33 0.008 (0.006-0.010) 0.001 3.89E-12
SBP (mmHg) 0.012 (0.010-0.014) 0.001 2.62E-47 0.007 (0.005-0.009) 0.001 6.00E-19
DBP (mmHg) 0.003 (0.001-0.005) 0.001 2.42E-07 —0.001 (-0.003-0.001) 0.001 1.50E-01
BMI (kg/m?) 0.006 (0.006-0.006) > 0.000 1.15E-102 * * *
C

Model 1* Model | + Risk Factor Adjustments®
Outcome OR 95% CI P value OR 95% ClI P value
Hypertension .41 (1.32-1.50) I.85E-25 1.35 (1.18-1.54) 7.07E-06
Diabetes 1.62 (1.48-1.78) 4.30E-24 1.07 ke 1.00E+00
Obesity 1.70 (1.59-1.81) 5.59E-58 1661.74 o 9.94E-01

Notes: Two logistic regression models were used utilizing the PCA score as the independent variable and the dichotomous risk factors as the dependent variable: Model |
(age, sex, and cohort adjusted) and Model 2 (age, sex, cohort, and BMI adjusted). In both models, the appropriate covariate (age or sex) was removed as a covariate when
that variable is investigated as the outcome. Two linear regression models were used utilizing the risk factors as independent variables and the PCA score as the dependent
variable using the same list of covariates. Only participants with fasting measurements were included in triglycerides, total cholesterol, HDL, and glucose analyses.
Triglyceride levels were log transformed (log)o) in order to obtain normality. For age and sex analyses, the relevant model excluding the adjustment for that respective risk
factor was utilized. Bonferroni corrected p value = 3.33E-03 (0.05/15). For the disease outcomes, logistic regression was used, in accordance with Models | and 2. There
were 3526 cases of hypertension at baseline of the 7270 participants at risk, 484 cases of diabetes at baseline out of the 7284 participants at risk, and 1881 cases of obesity at
baseline of the 7287 participants at risk. Odds ratios (OR) are presented per |-SD increase in the respective inflammatory score. *Model |: PCA Score = Age + Sex +
Cohort; Risk Factor = PCA Score + Age + Sex + Cohort. "Model 2: PCA Score = Age + Sex + Cohort + BMI; Risk Factor = PCA Score + Age + Sex + Cohort + BMI.
“Model: Outcome = PCA Score + Age + Sex + Cohort + Relevant Risk Factor (SBP and DBP for hypertension, glucose for diabetes, and BMI for obesity). * Model 2 includes
an adjustment for BMLI. ** Upper and lower confidence limits approach infinity and negative infinity.

Abbreviations: SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure.

associate with a greater odds of obesity (OR per 1-SD increment in the PCA score, 1.70; [95% CI], 1.59-1.81), hypertension (OR
1.41; [95% CI] 1.32-1.50), and diabetes (OR 1.62; [95% CI] 1.48-1.78; Table 3 ©, Model 1). After adjusting for relevant
cardiometabolic risk factors (Model 1 + risk factor adjustment), the PCA score remained significantly associated with hyperten-
sion (Table 3 (C), Model 1 + risk factor adjustment). In sensitivity analyses, after exclusion of participants using risk-factor
lowering medications, the PCA score only remained significantly associated with triglycerides, total cholesterol, HDL levels, and
systolic blood pressure (Supplementary Table 6). In the separate analysis of split samples by pedigree, all significant associations

from the primary analyses of the overall dataset remained significant in both split datasets except for the association of diastolic
blood pressure with the PCA score (Supplementary Table 8, replication defined as p < 3.33 x 1073 =0.05/15 traits).

Prospective Analyses

Aggregate Inflammatory Score

Multivariable adjusted analyses demonstrated positive associations between the baseline AIS and multiple prospective
outcomes at the follow-up exam. A one SD increase in the AIS was significantly associated with 45% greater odds of
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hypertension, 78% greater odds of diabetes, and 60% greater odds of obesity ([95% CI] 1.32-1.60, 1.57-2.03, 1.43-1.79,
respectively; Table 4 (A)) at follow-up in Model 1. After additionally adjusting for the relevant cardiometabolic risk
factor for each outcome in Model 2 (baseline systolic and diastolic blood pressure and plasma glucose levels), the AIS
was significant associated with 33% and 32% greater odds of hypertension and diabetes ([95% CI] 1.21-1.47 and 1.14—
1.52; Table 4 (A), Model 1). After additional adjustment for baseline BMI, the association of the AIS with new-onset
obesity was no longer significant. As measures of odds of occurrence, the results of these odds ratios should not be
interpreted as definitive measures of risk.

Principal Component Analysis Score
Similarly, a 1-SD increase in the PCA score was significantly associated with 31% greater odds of new-onset hypertension,
29% greater odds of new-onset diabetes, and 27% greater odds of new-onset diabetes at follow-up ([95% CI] 1.17-1.46, 1.12—
1.47, 1.12-1.43, respectively; Table 4 (B), Model 1) after adjusting for baseline age, sex, cohort, and the time between the
baseline and follow-up exams. After further adjustments for the relevant cardiometabolic risk factor at baseline for each
outcome (Model 2), a one SD increase in the PCA score associated with a 26% greater odds of new-onset hypertension after
additionally adjusting for baseline systolic and diastolic blood pressure ([95% CI] 1.12—-1.42; Table 4 (B), Model 2). The
associations of the PCA score with new onset diabetes and obesity were not statistically significant after additionally adjusting
for baseline glucose and BMI, respectively.

In sensitivity analyses that additionally adjusted for baseline BMI (Model 3), 1-SD increases in either the AIS or PCA
score remained significantly associated with greater odds of new-onset of hypertension (Supplementary Table 9).

Additional adjustment of Model 2 with high-sensitivity C-reactive protein values at baseline to explore the informative-
ness of the inflammatory scores beyond the influence of an established inflammatory biomarker revealed that the AIS and
PCA scores remained statistically significantly associated with new-onset hypertension at follow-up (Supplementary
Figures 3—4 and Supplementary Tables 10—11). Neither of the inflammatory scores remained significantly associated with

new-onset diabetes after adjusting for baseline high-sensitivity C-reactive protein level.

Table 4 Logistic Regression: Prospective Associations of PCA and AIS Scores with New-Onset Hypertension,
Diabetes, and Obesity

A

Model 1* Model 2°
Outcome OR 95% CI P value OR 95% CI P value
New Onset Hypertension 1.45 (1.32-1.60) 4.46E-15 1.33 (1.21-1.47) 1.14E-08
New Onset Diabetes 1.78 (1.57-2.03) 2.53E-18 1.32 (1.14-1.52) |.88E-04
New Onset Obesity 1.60 (1.43-1.79) 1.31E-16 1.02 (0.88-1.17) 8.29E-01
B

Model I* Model 2°
Outcome OR 95% CI P value OR 95% CI P value
New Onset Hypertension 1.31 (1.17-1.46) 2.45E-06 1.26 (1.12-1.42) 1.30E-04
New Onset Diabetes 1.29 (1.12—1.47) 2.58E-04 1.07 (0.92-1.24) 3.65E-01
New Onset Obesity 1.27 (1.12—1.43) 1.40E-04 1.06 (0.91-1.23) 4.51E-01

Notes: Logistic regression models were used to explore the prospective associations of the AIS (A) and PCA score (B) with new-onset
hypertension, diabetes, and obesity. There were 948 new-onset cases of hypertension of the 3220 participants at risk with follow-up events data,
306 new-onset cases of diabetes of the 5709 participants at risk with follow-up events data, and 496 new-onset cases of obesity of the 4524
participants at risk with follow-up data. Odds ratios (OR) are presented per |-SD increase in the respective inflammatory score. *Model |:
Outcome = Inflammatory Score + Baseline Age + Sex + Cohort + Years to Follow-up Exam. "Model 2: Outcome = Inflammatory Score +
Baseline Age + Sex + Cohort + Years to Follow-up Exam + Relevant Risk Factor (baseline SBP and DBP for hypertension, baseline glucose for
diabetes, and baseline BMI for obesity).
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New-Onset CVD and All-Cause Mortality Analyses

During a mean follow-up of 15.2 + 5.2 years, 627 new-onset CVD events occurred in 3101 eligible participants. During
a mean follow-up of 15.9 + 4.5 years, 1070 deaths occurred in 3488 eligible participants. In addition, there were 288
new-onset coronary heart disease events, 332 revascularization procedures, 319 new-onset heart failure events, 109 new-
onset atherothrombotic stroke events, and 249 CVD-related deaths.

Both the AIS and the PCA inflammatory scores were associated with new-onset CVD and all-cause mortality. A one
SD increase in the AIS was associated with a 25% greater risk of new onset CVD ([95% CI] 1.14-1.37; p=1.21 x 107,
Table 5) and a one SD increase in the PCA score was associated with a 22% greater risk of new onset CVD ([95% CI]
1.13-1.33; p = 8.81 x 1077). In all-cause mortality analyses, a one SD increase in the AIS was associated with a 32%
greater risk of death ([95% CI] 1.23-1.42; p = 1.20 x 10™'%, Table 5), while a one SD increase in the PCA score was
associated with a 40% greater risk of death ([95% CI] 1.31-1.49; p < 1.00 x 10 ). In separate secondary analyses for
each inflammatory score, the AIS and PCA scores were significantly associated with greater odds of new-onset heart
failure, revascularization procedures, and CVD death, but not with new-onset coronary heart disease (Table 5). Of note,
a one SD increase in the PCA score was associated with a 52% greater risk of new-onset heart failure ([95% CI] 1.37—
1.69; p = 2.30 x 10" '3, Table 5) and the AIS was associated with a 54% greater risk ([95% CI] 1.36-1.74; p = 1.83 x
107", Table 5). Additionally, the PCA score was significantly associated with a greater risk of new-onset atherothrom-
botic stroke, but the AIS was not (Table 5).

Given the associations of CRP as a marker of inflammation and a risk factor for cardiovascular outcomes,
a supplementary analysis was conducted to assess whether the inclusion of CRP in the inflammatory scores drove the
associations with new-onset CVD and all-cause mortality. This analysis demonstrated that a one-standard deviation
increase in CRP was significantly associated with greater risk of all-cause mortality, new-onset CVD, and each
component of the CVD composite except atherothrombotic stroke (Supplementary Table 12). Comparatively, the AIS

and PCA scores were associated with modestly greater risk for the primary outcomes of new-onset CVD and all-cause
mortality (roughly 20% and 30-40% greater risk, respectively) than CRP does as a sole marker of inflammation (12%
and 6% greater risk, respectively). Of note, both the AIS and PCA scores were associated with a roughly 50% greater risk
of heart failure per-1-standard deviation increase, while a one-standard-deviation increase in CRP was associated with

a 9% greater risk. Additionally, the multi-marker inflammatory scores were associated with 40—60% greater risk of CVD

Table 5 Proportional Hazards Regression: Associations of AIS and PCA Scores with New-Onset All-Cause
Mortality and Cardiovascular Disease

Primary Outcomes® AlS PCA Score

HR® 95% ClI P value HR*® 95% ClI P value
New-onset CVD 1.25 1.14-1.37 1.21E-06 1.22 1.13-1.33 8.81E-07
All-cause Mortality 1.32 1.23-1.42 |.20E-14 1.40 1.31-1.49 < 1.00E-20

Secondary Outcomes®

Coronary Heart Disease 1.09 0.95-1.25 2.20E-01 < 1.00 0.87-1.14 9.67E-01
Heart Failure 1.54 1.36-1.74 1.83E-11 1.52 1.37-1.69 2.30E-15
Atherothrombotic Stroke 1.22 0.98-1.52 7.74E-02 1.26 1.04-1.52 1.81E-02
Revascularization Procedure 1.23 1.09-1.40 I.11E-03 1.14 1.02-1.28 2.60E-02
CVD Death 1.42 1.22-1.64 3.43E-06 1.6l 1.42-1.81 8.48E-15

Notes: A separate proportional hazards regression model was used to explore the associations of each inflammatory score with either all-cause
mortality or a composite of CVD events (coronary heart disease, heart failure, atherothrombotic stroke, revascularization procedures, or CVD
death) during patient follow-up. The associations of the inflammatory scores with the individual endpoints of the CVD composite were
investigated in secondary analyses. *All-cause Mortality: 1070 events / 3488 at risk; New-onset CVD: 627 events / 3101 at risk. "Coronary Heart
Disease: 288 events / 3188 at risk; Heart Failure: 319 events / 3465 at risk; Atherothrombotic Stroke: 109 events / 3453 at risk;
Revascularization Procedure: 332 events / 3494 at risk; CVD Death: 249 events / 3453 at risk. “Hazard ratios are presented per 1-SD increase
in the respective inflammatory score.
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death, whereas CRP was associated with 9% greater risk. Thus, the associations of the AIS and PCA scores with all-
cause mortality and-onset CVD, and notably with heart failure, depict greater inflammation associated risk.

Pathway Specific Inflammation Scores

To provide insight into the biological processes linked to inflammation, pathway-specific inflammation scores were
generated to highlight the potential use of the AIS approach in investigations of the molecular mechanisms of inflammation
linked to key outcomes. The inflammatory protein dataset was found to be enriched in pathways relating to the complement
system; vitamin B12, selenium, and folate metabolism; the innate immune system; platelet activation, signaling, and
aggregation; response to elevated platelet cytosolic calcium; platelet-mediated interactions with vascular and circulating
cells; hemostasis; and Interleukin-1 and megakaryocytes involved in obesity (all FDR < 1 x 10~%). Of note, the complement
system-specific AIS was more highly associated with lower HDL-cholesterol (p = 1.22 x 107'%*, Supplementary Table 13)

and cigarette smoking (p < 9.22 x 10*%, Supplementary Table 13) than was the overall AIS score. A 1-SD increase in the

complement-specific AIS was also more highly associated with new-onset diabetes (OR 1.35; [95% CI] 1.17-1.55;
Supplementary Table 13) than the overall AIS score. The proteins linked to the complement system AIS included
adrenomedullin (ADM), apolipoprotein A-1 (APOAL1), C-reactive protein (CRP), P-selectin (GMP140), and soluble
intercellular adhesion molecule-1 (sSICAM1), while plasma kallikrein (KLKB1), though involved in the complement

system, was excluded from the score since it could not be clearly categorized as pro- or anti-inflammatory.

Discussion

By incorporating values of over 20 circulating inflammatory proteins, we generated two sets of scores that reflect multiple
inflammatory pathways and better capture the global inflammatory milieu. Drawing from an approach that was developed to
study heart failure with a preserved ejection fraction, the AIS utilizes an inductive approach by assigning pro- or anti-
inflammatory status based on the pro- or anti-inflammatory properties of multiple proteins.'!” We also utilized a deductive PCA
approach that leverages inflammation-related proteins and identifies key patterns within the complex inflammatory dataset.” In
cross-sectional analyses, both the AIS and PCA scores were significantly associated with age, smoking status, and multiple
cardiometabolic risk factors including lipid levels, blood pressure, body mass index, and fasting glucose levels, while the AIS
was additionally associated with sex. In prospective analyses, both scores were also significantly associated with greater odds
of new-onset hypertension after adjusting for baseline blood pressure, while the AIS was additionally associated with new-
onset diabetes after adjusting for baseline fasting glucose. In proportional hazards analyses, both inflammatory scores were
significantly associated with risk of new-onset CVD and all-cause mortality over an approximate 15-year follow-up period
after adjusting for clinical covariates and relevant cardiometabolic risk factors. These prospective CVD analyses were driven
in part by strong associations of the inflammatory scores with risk of heart failure. We hypothesize that inflammation summary
techniques that combine the informativeness of multiple pro- and anti-inflammatory biomarkers better capture inflammation-
induced risk and can identify biological pathways contributing to specific inflammation-related outcomes.

In previous studies, selected biomarkers have been used to study the association of inflammation with risks of various
diseases. C-reactive protein has been extensively investigated in the context of inflammation and has been demonstrated to be
associated with risk for CVD, chronic obstructive pulmonary disease, chronic kidney disease, and other acute and chronic
inflammatory conditions.?® ' C-reactive protein is a component of both the AIS and PCA scores and was correlated with both
scores (pairwise Spearman correlations 0.45 and 0.27, respectively; Supplementary Figures 3 and 4). Additionally, both sets of

inflammatory scores were significantly associated with new-onset hypertension after additionally adjusting for high sensitivity
C-reactive protein levels in Model 2. This suggests that the multi-marker inductive and deductive inflammatory scores we
developed capture a greater degree of the inflammatory environment than single inflammatory markers such as C-reactive
protein. As such, our inflammatory scores may prove useful for summarizing global systemic inflammation. Moreover, the
application of this approach to inflammation-related pathways and their proteins may yield greater insight into the molecular
mechanisms involved in inflammation-linked health outcomes.

The practicality and informativeness of these inflammatory scores lie in their potential to relate inflammatory pathways to
disease risk via a diverse set of weakly-to-modestly correlated individual proteins. We found that our composite new-onset
CVD outcome findings were largely driven by the associations of inflammation with risk for heart failure; a 1-SD increase in
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either of the inflammatory scores was associated with more than a 50% increase in risk of new-onset heart failure, greater than
that predicted by CRP as a sole marker of inflammation. This finding may result from the heterogeneity of heart failure** and
the more comprehensive nature of the inflammatory scores. Numerous phenotypes of heart failure are detailed in the literature,
each with differing factors such as left ventricular function, response to interventions and therapeutics, risk factors,>> and, most
pertinently, proteomic signatures. Prior studies have demonstrated varying, and conflicting, inflammatory proteome char-
acteristics among subtypes of heart failure: significant associations of CRP with heart failure with reduced ejection fraction
(HFrEF), but not with and heart failure with preserved ejection fraction (HFpEF);** inflammatory pathways (particularly
involving GMP140/SELP) uniquely enriched in cases of heart failure with preserved and a mid-range ejection fraction
(HFpEF and HFmrEF) and not in those with HFrEF;* and significant associations of interleukin-6 and CRP with HFpEF but
not with HFrEF or HFmrEF.>® While it is understood that inflammation plays a critical role in heart failure, the diversity of
these proteomic findings suggests a complex relationship between inflammation and heart failure in which different
phenotypes of the syndrome are shaped by specific inflammatory pathways. Therefore, single markers of inflammation,
such as CRP, may not adequately capture these varying pathways as well as multi-marker inflammatory metrics, such as the
AIS and PCA scores. As such, we note differences in the magnitudes of risk of heart failure observed between the multi-
marker inflammatory scores (i.e., the AIS and PCA scores) and CRP as a solitary inflammatory marker. Future studies
investigating differences in the inflammatory signatures of heart failure phenotypes are needed to identify the inflammatory
mechanisms that are pertinent to disease progression and develop phenotype-specific therapeutics for heart failure.

This study has several strengths including a large sample size of approximately 7000 participants with available
phenotype and proteomic data used to generate and investigate two sets of inflammatory scores. The availability of long-
term and follow-up clinical data further added to the strengths of this study by allowing for both cross-sectional and
prospective analyses. In cross-sectional analyses, the associations of these scores with risk factors were investigated in
separate discovery and replication sets, demonstrating the robustness of our findings. The analyses of new-onset CVD
and all-cause mortality were strengthened by the sizeable number of these events in the FHS.

Several limitations of this study are also noteworthy. Although a set of 26 inflammatory proteins was used to summarize
inflammation, this set only partially represents the entirety of the inflammation proteome. The score generation methods
employed in the current study can be applied in future investigations using larger proteomic datasets. Additionally, the study
population consists largely of participants of European ancestry, limiting the generalizability of the current findings.
Therefore, similar investigations in more racially and ethnically diverse cohorts are needed. Although separate discovery
and replication sets were investigated in cross-sectional analyses, there was no independent external replication of the results.
While these limitations may limit the clinical utility of these scores, the inflammatory scores may be of greater use in future
investigations to aid in unveiling the inflammatory mechanisms that predispose one to greater risk of disease.

In this study, we demonstrated methodologies to generate two distinct systemic inflammation scores based on 24-26
inflammatory proteins from various inflammatory pathways. After adjusting for numerous clinical traits, the multi-marker
AIS and PCA inflammatory scores were associated with an array of cardiometabolic traits, all-cause mortality, and new-onset
CVD, particularly driven by strong associations with heart failure. Sensitivity analyses adjusting for CRP or comparing the
strength of associations with those of CRP highlight the importance of diverse, multi-marker metrics of systemic inflamma-
tion in analyses of inflammatory mechanisms of disease. Future studies with larger cohorts and more comprehensive
inflammatory biomarker datasets may allow for detailed profiles of inflammatory pathologies and elucidate the unique
inflammatory mechanisms that differentiate phenotypes of heterogeneous conditions such as heart failure.
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