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OBJECTIVE: Few studies of population-based cohorts have investigated prospective associations of lymphoid and myeloid
cell subsets in cardiovascular disease onset and progression. The purpose of this analysis was to determine associations of
prespecified myeloid and lymphoid lineage cell subsets with common carotid artery intima-media thickness (IMT) progression.

APPROACH AND RESULTS: We performed a prospective case-cohort study of 1195 participants from the Multi-Ethnic Study of
Atherosclerosis who had peripheral blood mononuclear cells stored from the baseline examination. Key exposure variables
were prespecified subsets of lymphoid and myeloid lineage immune cells, phenotyped by multicolor flow cytometry. The
primary outcome was progression from baseline (Exam 1) to year 10 (Exam 5) in common carotid IMT. Higher proportions of
nonclassical monocytes (CD14dimCD16++) were significantly associated with IMT progression over 10 years, but classical
monocytes (CD14++CD16—), CD4+CD28— T cells, and T helper cells producing IL-17 (interleukin 17; T helper 17 cells)
were not associated with significant changes in IMT over 10 years. There were significant interactions between monocyte
subsets and sex with respect to IMT progression: in sex-stratified analyses, nonclassical monocytes were associated with
significant IMT progression and classical monocytes were associated with significant IMT regression for men, whereas there
were no significant associations of monocyte subsets with IMT change for women.

CONCLUSIONS: Nonclassical monocytes were associated with progression of carotid IMT. There were significant sex differences
in associations of monocyte subsets with IMT progression: for men, nonclassical monocytes were associated with IMT
progression and classical monocytes were associated with regression, whereas these associations were null for women.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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and clinical trials has clarified the importance of innate
and adaptive immune responses in atherosclerosis
onset, progression, and in some cases, resolution.”” Essen-
tially, antigenic triggers, such as subendothelially retained

Uver the past 2 decades, evidence from animal models

and modified lipids, provide an initial nidus, releasing dam-
age-associated molecular patterns; these in turn trigger
innate, monocyte-macrophage-driven immune responses,
followed by adaptive immune responses, which rely on a
balance between effector and regulatory T lymphocytes.
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Highlights

Nonstandard Abbreviations and Acronyms
CHD coronary heart disease

CvD cardiovascular disease

HDL high-density lipoprotein

IFN-g interferon-gamma

IL-17 interleukin 17

IMT intima-media thickness

MESA Multi-Ethnic Study of Atherosclerosis
NCM nonclassical monocyte

PBMC peripheral blood mononuclear cell
Th17 T helper 17 cell

The clinical and translational relevance of identifying
such immunologic and inflammatory mediators of ath-
erosclerosis is clear in light of recent landmark studies
demonstrating significant cardiovascular risk-reducing
benefits of canakinumab® and colchicine® for people
with prior (and in the case of colchicine, recent) myo-
cardial infarction. Importantly, although these trials tested
cytokine blockade and a relatively broad antimitotic anti-
inflammatory therapy with uncertain mechanisms of
action, the role of further upstream targeting of innate
and adaptive immune effector cells—which drive these
inflammatory responses—is unclear.

Well-powered studies investigating associations
of innate and adaptive immune phenotypes with clini-
cal and subclinical cardiovascular disease (CVD) may
identify additional therapeutic targets. Several studies
have investigated associations of immunologic markers
with atherosclerosis, but these studies have been small
in size, focused on limited sets of circulating immune/
inflammatory markers, and/or focused on highly selected
populations.””3197'* |n this study, we leveraged cryopre-
served peripheral blood mononuclear cells (PBMCs)
from a large, multicenter cohort (MESA [the Multi-Eth-
nic Study of Atherosclerosis]) to investigate prospective
associations of markers reflecting innate and adaptive
immune phenotypes and functions with progression of
carotid artery intima-media thickness (IMT). Our hypoth-
eses were informed by literature linking monocyte and
T lymphocyte activation with atherosclerosis®'®~'® (and
immunosenescence/inflamm-aging®®). Our a priori
hypotheses were that higher circulating proportions of
classical monocytes (CD14++CD16—), nonclassical
monocytes (NCMs: CD14dimCD16++), T helper 17
cells (Th17), and CD4+CD28— T cells are associated
with larger increase in carotid IMT.

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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* Higher circulating levels of nonclassical monocytes,
defined as CD14dimCD16++, were associated with
significant longitudinal increase in carotid intima-
media thickness (IMT) over a 10-year period in a
large, multiethnic, prospective cohort study.

* We observed significant sex dimorphism in these
associations. Among men, nonclassical monocytes
were associated with IMT progression whereas clas-
sical monocytes, defined as CD14+4+CD16—, were
associated with IMT regression. Among women,
were no significant associations of monocyte sub-
sets with IMT change over time.

+ The direction of associations observed in men—
(1) circulating nonclassical (generally considered
patrolling, or inflammation-resolving) monocytes
being associated with IMT progression and (2)
classical (inflammatory) monocytes being associ-
ated with IMT regression—were surprising. Rather
than reflecting causal contributors to atheroscle-
rosis, these differences may reflect differences in
migration across the endothelium given evidence
that CD14 mediates endothelial transmigration; in
this case, nonclassical monocytes would remain in
the lumen/circulation when attracted toward early
atherosclerotic lesions whereas classical monocytes
would migrate out of the lumen and cross the endo-
thelium into the vascular intima.

* More studies in humans investigating immune
phenotypic and functional crosstalk between the
circulation and organs/tissue beds of interest are
needed.

Study Design

MESA is a multicenter, population-based cohort comprised
of 6814 men and women aged 45 to 84 years at baseline,
recruited from 6 field centers in the United States. Exclusion
criteria include a self-reported history of clinical CVD (myo-
cardial infarction, angina, cardiovascular procedures, heart
failure, and/or cerebrovascular disease), active treatment for
cancer, amputation, or pregnancy.2' Participants in MESA self-
identified as White, Black, Hispanic, or Chinese, and additional
details regarding design, recruitment, and objectives of the
cohort are described elsewhere. As part of a case (participants
with coronary heart disease [CHD])-cohort study, immune cell
phenotypes were obtained on 1195 MESA participants from
peripheral blood mononuclear cells obtained and stored at
baseline (2000-2002).2? For this study, we leveraged immune
cell phenotype data previously obtained to examine associa-
tions with IMT data though MESA examination 5 (2010-2012),
yielding =10 years of follow-up.

Anthropometrics and Clinical Data

Standardized questionnaires and calibrated devices were used
to obtain standardized data on demographics, medical condi-
tions, tobacco use, medication usage, weight, and height at all
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baseline and follow-up examinations. Resting, seated blood
pressure was measured 3 times at each examination using
a Dinamap automated oscillometric sphygmomanometer
(model Pro 100; Critikon, Tampa, FL), and the final 2 measure-
ments were averaged for analysis. To account for treatment
with antihypertensives (given one-third of MESA participants
were treated with antihypertensives at baseline), we added 10
mmHg of systolic blood pressure for treated participants as
has been done previously.252*

Immune Cell Cryopreservation, Thawing, and
Analysis of Surface and Functional Markers

As previously reported,?? at the baseline MESA exam (2000-
2002), a fasting 8 mL citrate CPT tube was drawn to collect
PBMCs. The PBMCs were washed and cryopreserved in media
containing 90% fetal bovine serum (FBS), 10% dimethyl sulf-
oxide at a controlled freezing rate. Cells (2 aliquots of 1 mL
each) were stored in a —135°C freezer. For the case-cohort
study of CHD versus controls (N=1195),2? in 2016, cryopre-
served cells were thawed quickly at 37 °C for 15 minutes. The
cells were slowly diluted with media with gently mixing. The
CD4+ T helper (Th) subsets, Th1, Th2, and Th17, and the cor-
responding CD8+ cytotoxic/effector (Tc) subsets, Tc1, Tc2,
and Tc17, cells were activated with a broad spectrum activa-
tor, stained with live/dead stain, surface labeled for CD4/CD8,
fixed and intracellularly stained for IFN-g (interferon-gamma),
IL-4 (interleukin 4), and IL-17 (interleukin 17).2% For all other cell
subtypes, samples were centrifuged and placed into phosphate
buffer saline at pH 7.4 and subsequently labeled with live/dead
stain for 20 minutes. The stain was removed by centrifugation,
and cells were re-suspended and labeled with prespecified
surface markers for 20 minutes. Cells were washed and fixed
in paraformaldehyde before analyses using a MACSQuant 10
flow cytometer (Miltenvi Biotec, Germany). Single-color con-
trols were used for compensation, isotype controls were used
for negative gate setting, and results were analyzed using
MacsQuantify software (Miltenvi Biotec, Germany). Cellular
phenotypes were reported as percentages, with natural killer,
B cells, CD4, and CD8 as percent of gated lymphocytes, CD4
subsets as percent of CD4+ cells, CD8 subsets as percent of
CD8+ cells, monocytes subsets as percent of CD14+ gated
monocytes, and B cell subsets as percent of B cells. Of note,
NCMs were determined as having low expression of CD14 and
are written as CD14dim rather than CD14++ or CD14—; previ-
ous studies have characterized NCMs as CD 14— but, given the
likelihood that truly CD14— cells may not be monocytes, we
required CD14 expression as more rigorous method of char-
acterizing the NCM subset?%%" Plots of flow cytometry gating
strategies used by our group for immune cell phenotyping in
this cohort have been published previously.??

Carotid Artery Measurements

Methods for carotid ultrasonography in MESA have been
described in detail previously.?® At the MESA baseline examina-
tion, B-mode ultrasound images of the right and left common,
bifurcation, and internal carotid artery segments were recorded
on videotape, digitized at high resolution and frame rates, and
converted into digital records. The same ultrasound system and
digitizing equipment were used at examination 5, but the video
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output was directly digitized using the same recorder settings
without videotape. Trained sonographers used preselected
reference images from examination 1 to match scanning con-
ditions of the initial study. Ultrasound images were reviewed
and interpreted by the University of Wisconsin Atherosclerosis
Imaging Research Program MESA Carotid Ultrasound Reading
Center. Measurements of examination 1 and examination 5
carotid ultrasound images were performed simultaneously, and
images were matched side-by-side on a video monitor and
measured contemporaneously. This analysis primarily focused
on common carotid artery IMT. As described previously, mea-
surements of IMT were performed on the far wall of the distal
common carotid artery over a longitudinal distance of the distal
10 mm of the vessel, below the common carotid artery bulb.
IMT was measured as the intima-media-thickness of the mean
of the mean left and right far wall distal common carotid artery
wall thicknesses.?® The intraclass correlation coefficient for
intrareader reproducibility for mean common carotid artery IMT
was 0.99, and the intraclass correlation coefficient for inter-
reader reproducibility was 0.95.

Statistical Analyses

To determine associations of lymphoid and myeloid subsets
with change in IMT from Exam 1 to Exam 5, we used linear
mixed with sampling weights to account for the case-cohort
design of the original myocardial infarction study.?> We adjusted
our models for potential confounders, which included baseline
age, sex, race/ethnicity, smoking status, body mass index, col-
lege education, diabetes status, systolic blood pressure, total
cholesterol, HDL (high-density lipoprotein) cholesterol, base-
line antihypertensive and lipid-lowering medications, and log-
transformed cytomegalovirus serostatus. Associations of each
lymphoid or myeloid subset with change in IMT were assessed
separately. We used the Bonferroni correction to account
for multiple testing and the false discovery rate was used in
a sensitivity analysis as an alternative approach. Of note, not
all immune subsets were measurable in all 1195 MESA par-
ticipants included for analysis. The primary analyses therefore
used all available data for each immune cell subset, assuming
that missing data were missing at random; most missingness
was due to technical errors which occur at random, therefore,
we assumed randomness.

RESULTS

Out of 1195 MESA participants for whom immune cell
phenotyping was attempted, 1087 had at least one
immune cell subset successfully measured (see Data
Supplement), as others were excluded due to poor
sample quality or technical issues with flow cytometry
unrelated to underlying participant characteristics. Base-
line characteristics of the 1195 and 1087 MESA par-
ticipants with attempted and successful measurement of
immune cell subsets, respectively, are included in Table 1.
A separate comparison of baseline characteristics for
cases (with CHD) versus controls analyzed in the MESA
case-cohort study has been published previously.? All
baseline covariates were missing in <1% of participants

Arterioscler Thromb Vasc Biol. 2021;41:1810-1817.DOI: 10.1161/ATVBAHA.120.315886
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Table 1. Baseline (Exam 1) Characteristics of MESA Participants With Inmune Cells Mea-

Monocyte Subtypes and Carotid IMT: Sex Differences

sured Subjects (n=1087) or Originally Selected Into the Study (n=1195)*

1087 participants 1195 participants
Variable Mean/number SD/percent Mean/number SD/percent
Age, y 63.9 10.1 63.8 10.17
Male, n % 578 53% 624 52%
White, n % 413 38% 468 39%
Chinese, n % 135 12% 141 12%
Black, n % 314 29% 338 28%
Hispanic, n % 227 21% 248 21%
SBP, mmHg 130.0 21.675 129.7 21.6
DBP, mmHg 72.7 10.4 72.6 10.4
Cholesterol, mg/dL 193.9 35.8 193.8 35.4
HDL cholesterol, mg/dL 49.4 14.4 49.5 14.4
BMI, kg/m? 28.3 5.4 28.3 5.4
Diabetes, n % 184 17% 196 16%
Smoker, n % 144 13% 160 13%
Alcohol user 557 64% 615 64%
Statin user, n % 191 18% 212 18%
CCB user, n % 159 15% 172 14%
Diuretic user, n % 173 16% 214 18%
Beta blocker user, n % 110 10% 121 10%
Vasodilator user, n % 67 6% 73 6%
ACE inhibitor user, n % 171 16% 182 15%
College education, n % 378 35% 416 35%
Intentional exercise (met-min) 1527 2293 1516 2240
IL-6, pg/mL 1.64 1.24 1.63 1.23
CMV, EU/mL 240 266 241 266
Baseline mean common carotid 0.796 0.237 0.794 0.232
intima media thickness, mm®
10-y mean common carotid intima 0.894 0.242 0.892 0.239
media thickness, mm*

ACE indicates angiotensin-converting enzyme; BMI, body mass index; CCB, calcium channel blocker; CMV, cytomegalovi-
rus; DBP, diastolic blood pressure; HDL, high-density lipoprotein; IL-6, interleukin-6; MESA, Multi-Ethnic Study of Atheroscle-

rosis; and SBP, systolic blood pressure.

*Among participants with both a baseline and follow-up measure of IMT.

analyzed (see Data Supplement), with the exception of
data on alcohol use (missing in 16.7%), interleukin-6 lev-
els (missing in 2.7%), and IMT measurement (missing in
1.49).

Regarding our a priori hypotheses (Table 2), NCMs
were associated with a significant increase over time
in IMT (0.018 mm increase per SD NCMs [95% CI,
0.0031-0.033]; £=0.019) whereas there was no signifi-
cant association of CMs, Th17 cells, or CD4+CD28— T
cells with IMT progression.

In our prespecified analyses of effect modification,
we found significant qualitative interactions between sex
and monocyte subsets (CMs and NCMs) with respect
to change in IMT (P=0.0002 and 0.0033 for the inter-
action terms of sex with CMs and NCMs, respectively:
see Data Supplement). We therefore performed sex-
stratified analyses (see Data Supplement) and found

Arterioscler Thromb Vasc Biol. 2021;41:1810-1817.DOI: 10.1161/ATVBAHA.120.315886

that, among men, NCMs were associated with signifi-
cant increase in IMT (0.036 mm increase per SD NCMs
[95% CI, 0.014-0.058]; P=0.0014) whereas CMs were
associated with significant decrease in IMT (—=0.040 mm
[95% CI, —0.063 to —0.016]; ~=0.0010). For women,
associations of NCMs and CMs with IMT change were
null. Given these sex-related differences, we performed
sensitivity analyses displaying raw data of baseline and
follow-up IMT stratified by sex and case (CHD)/control
status; mean IMT progression by sex and case-control
status was largely similar (see Data Supplement).

Regarding other analyses not specified a priori, there
were no significant associations of other lymphoid or
myeloid lineage cell subtypes with change in IMT. Addi-
tionally, there was no significant cross-sectional of base-
line of NCMs, CMs, Th17 cells, or CD4+CD28— T cells
with baseline IMT (see Data Supplement).
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Table 2. Change in Mean Common Carotid Artery Thickness (Millimeters) Over 10 y of Follow-Up*

Cells scaled per SD Estimate, mm 95% Cl lower 95% Cl upper P value
th1 as %CD4 0.001841 —0.01209 0.01577 0.7951

th17 as %CD4 0.001317 —0.01083 0.01347 0.8312
CD4+CD38+ —0.00298 —0.01690 0.01094 0.6740
CD8+CD38+ —0.00248 —0.01609 0.01114 0.7207
NK %lymphs 0.006968 —0.00633 0.02027 0.3038
CD3+gd+ 0.000547 —0.02107 0.02216 0.9604
CD14++CD16— —0.01333 —0.02892 0.002270 0.0938
th2 as %CD4 0.004064 —0.01547 0.02360 0.6826
CD14dimCD16++ 0.01825 0.003089 0.03342 0.0185
CD127—CD4+CD25+ —0.02090 —0.05400 0.01220 0.2153
CD14+CD16+ —0.01333 —0.02892 0.002270 0.0938
CD4+CD45RA+ —0.00159 —0.01775 0.01457 0.8467
CD8+CD45RA+ 0.006560 —0.00769 0.02081 0.3661

CD4+CD28— —0.01169 —0.02663 0.003250 0.1248
CD8+CD28— 0.006721 —0.00926 0.02270 0.4089
CD4+CD45RO+ 0.002237 —0.01376 0.01823 0.7835
CD8+CD45RO+ 0.008576 —0.00459 0.02175 0.2013
CD19+ B cells —0.00105 —0.00351 0.001418 0.4041

CD19+CD5+ B cells —0.00009 —0.00069 0.000509 0.7628
CD19+CD5+CD27— B cells —0.00033 —0.00110 0.000444 0.4035
CD19+CD27+ B cells 0.000408 —0.00049 0.001305 0.3722

CD19+CD5—CD27+ B cells 0.000347 —0.00077 0.001462 0.5416

“Linear models adjusted for age, sex, race/ethnicity, current smoking, baseline exercise, body mass index, baseline college educa-
tion, current diabetes, systolic blood pressure, total cholesterol, HDL cholesterol, baseline antihypertensive use, baseline statin use, and
log-transformed CMV. Cls use robust (sandwich) SE estimates to ensure validity in the presence of weights that are used to account
for case-cohort sampling. Prespecified hypotheses are in red (and highlighted for B&W printers). All estimates are per SD. Complete

case data (numbers vary by subset).

DISCUSSION

This is the first study to our knowledge to investigate
the prospective association of circulating monocyte and
lymphocyte phenotypes with progression of carotid IMT.
In a cohort with participants free of CVD at baseline,
over a 10-year period of follow-up, a higher proportion of
NCMs was associated with IMT progression (an associa-
tion that was not present cross-sectionally for baseline
NCMs and baseline IMT). Meanwhile, the associations
of CMs, Th17 cells, and CD4+CD28— T cells with IMT
progression were null. There was highly significant effect
modification by sex for the association of NCMs with
IMT progression; in sex-stratified analyses, NCMs were
associated with significant IMT progression and CMs
were associated with significant IMT regression for men,
whereas monocyte subsets were not associated with
IMT change for women.

The findings that NCMs were associated prospec-
tively with IMT progression, whereas CMs were not
(and were actually associated with regression in men),
were not initially expected. Monocyte counts overall
predict subclinical atherosclerosis and plaque forma-
tion,3'" but the roles of specific monocyte subsets are

1814 May 2021

debated. A considerable body of literature from mouse
models implicates CMs in atherogenesis and progres-
sion of atherosclerosis,?*3° whereas the literature regard-
ing NCMs is mixed. Mechanistically, NCMs are thought
to play a generally atheroprotective role, patrolling along
the endothelial surface on the vascular luminal side and
removing debris from vasculature®' Yet, observational
studies in humans demonstrate that proportions of circu-
lating NCMs are associated with atherogenic lipids® and
endothelial dysfunction,?” and that people with coronary
artery disease (compared with controls without coronary
artery disease) have higher proportions of NCMs.
Although NCMs and CMs are both recruited to vas-
cular debris/fatty streaks/atherosclerosis, a central differ-
ence is that CMs readily migrate into the vascular wall and
are effectors of atherosclerosis, whereas NCMs do not
transmigrate across the endothelium. Instead, NCMs crawl
along blood vessels with debris/fatty streaks/plaque but
remain within the luminal compartment, serving a patrol-
ling role.® Therefore, if both NCMs and CMs are mobilized
and recruited first to the vascular compartment and sub-
sequently to the plaque (with CMs entering and NCMs
remaining in the luminal compartment), it is plausible that
(1) proportions of circulating NCMs would be elevated as

Arterioscler Thromb Vasc Biol. 2021;41:1810-1817.DOI: 10.1161/ATVBAHA.120.315886
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early indicators of subclinical (and future) plaque burden,
whereas (2) peripheral classical monocytes proportions or
levels may not rise and may actually be depleted if there is
considerable plaque into which the CMs migrate. If this is
the case, as we hypothesize based on our findings, NCMs
may serve as an early biomarker of—but not a causal con-
tributor to—preatherosclerotic vascular lesions that ulti-
mately become atherosclerosis and plaque. Essentially,
the more preatherosclerotic fatty streaks and debris, the
more NCMs that may be mobilized to the surface of these
lesions, which may take years before they are apparent
on imaging. Therefore, it is possible that NCMs serve as
a biomarker of total burden of early, preatherosclerotic
lesions (as well as, of course, later lesions) throughout the
vascular compartment. That the cross-sectional associa-
tions of NCMs and CMs with IMT were null may further
support the plausibility of this hypothesis.

Another finding of interest relates to the sex differ-
ences in monocyte subset associations with IMT. We
found significant sex-monocyte subset interactions with
respect to IMT: for men, NCMs were associated with
significant IMT progression and CMs were associated
with IMT regression, whereas none of these associa-
tions were significant or near-significant in women. This
stark difference may reflect underling differences in the
respective roles of cell-mediated versus humoral immu-
nity for men and women. Estradiol is a major effector
of the humoral immune response (whereas testoster-
one suppresses this response).247 Accordingly, women
exert stronger humoral responses to vaccination and in
the case of autoimmunity, whereas the testosterone-
driven suppression of humoral immune responses makes
men more dependent on strong cell-mediated immune
responses. In this context, it is conceivable that factors
activating cell-mediated immunity would drive especially
potent responses—including monocytosis and chemoat-
traction toward vascular debris—in men.

Mechanistically, the differences we observed by sex
in associations of monocyte subsets with IMT progres-
sion corroborate existing mechanistic literature outlining
distinct effects of sex hormones on cell-mediated and
humoral immunity. If, as discussed above, cell-mediated
immunity predominates for men and is implicated to a
greater extent in atherosclerosis onset and progression
than humoral immunity, therapies targeting cell-mediated
immunity and inflammation to prevent and treat athero-
sclerosis may be more effective in men than women.
Given growing interest in modulating immunity and
inflammation to prevent and treat CVD, further explo-
ration of these hypotheses in clinical and mechanis-
tic studies is warranted. Of note, the women analyzed
in this study were predominantly post-menopausal;
only 17 out of 1195 women (1.4%) in MESA who had
PBMCs obtained at baseline were premenopausal; this
prevented us from investigating potential influences of
the menopause transition on immunity/IMT relationships

Arterioscler Thromb Vasc Biol. 2021;41:1810-1817.DOI: 10.1161/ATVBAHA.120.315886
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and merits further investigation in cohorts with sufficient
numbers of pre-, peri-, and postmenopausal women.

Strengths of the study include its large sample size,
racial, and ethnic diversity, rigorous measurement of
immune cell phenotypic and functional markers, and
longitudinal carotid IMT data. The study also has several
limitations, including missing data, the use of cryopre-
served PBMCs rather than fresh blood, and the lack of
carotid IMT measurements between exams 1 and 5. We
have attempted to minimize the effects of these limita-
tions by imputing data for random errors and comparing
cryopreserved data from this study with data obtained
from a previous study on whole blood performed in
MESA examination 4,2>?% as well as literature on the use
of cryopreserved cells.® An additional limitation relates
to variable timing of blood draws for PBMC processing,
which generally occurred in the mornings but not at the
same time for each individual (eg, 8 am versus 11 Awm).
Given emerging data indicating intraindividual circadian
variations in circulating immune cell subsets® there is
potential unmeasured confounding related to the tim-
ing of blood draws. However, due to the largely random
nature of blood draw timing unrelated to participant char-
acteristics and IMT risk factors, if confounding is present,
it would most likely bias toward the null via regression-
dilution rather than toward false-positive.*® Another
potential cause of diluted exposure variables (and relat-
edly diluted, biased-toward-null exposure-outcome rela-
tionships) is the exposure measurements themselves,
which merge admittedly heterogeneous cell subsets
into over-arching groups; therefore, if a subset of NCMs
were most strongly associated with an outcome of inter-
est, the strength of this association would be diluted by
our grouping of all NCMs together into a single exposure
variable. Such dilution of exposure variables may espe-
cially bias toward the null when investigating outcomes
further downstream from the subclinical (IMT) end
point measured here and may have contributed to the
observed null associations between immune cell subsets
and CHD.??

Future studies exploring heterogeneity among immune
cell subsets and the biological relevance of these func-
tionally distinct groups for CVD onset and progression
in humans would help clarify some of these questions.
A separate, important limitation of our analyses is that
intraindividual variation in immune cell subsets over lon-
ger periods of time is inevitable, limiting the extent to
which a single-time point sampling of immune cells may
reflect immune cell levels over the ensuing decade. This
could be addressed with serial peripheral blood mono-
nuclear cell sampling and analyses with respect to longi-
tudinal outcomes in future studies.

In conclusion, we found that NCMs are associated
with progression of carotid IMT in a large, multiethnic
cohort study. Furthermore, we found significant sex dif-
ferences in associations of monocyte subsets with IMT
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progression, which merit further investigation in future
epidemiological and translational studies.
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