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Abstract

Aims Circulating inflammatory markers are associated with incident heart failure (HF), but prospective data on associations
of immune cell subsets with incident HF are lacking. We determined the associations of immune cell subsets with incident HF
as well as HF subtypes [with reduced ejection fraction (HFrEF) and preserved ejection fraction (HFpEF)].
Methods and results Peripheral blood immune cell subsets were measured in adults from the Multi-Ethnic Study of
Atherosclerosis (MESA) and Cardiovascular Health Study (CHS). Cox proportional hazard models adjusted for demographics,
HF risk factors, and cytomegalovirus serostatus were used to evaluate the association of the immune cell subsets with incident
HF. The average age of the MESA cohort at the time of immune cell measurements was 63.0 ± 10.4 years with 51% women,
and in the CHS cohort, it was 79.6 ± 4.4 years with 62% women. In the meta-analysis of CHS and MESA, a higher proportion of
CD4+ T helper (Th) 1 cells (per one standard deviation) was associated with a lower risk of incident HF [hazard ratio (HR) 0.91,
(95% CI 0.83–0.99), P = 0.03]. Specifically, higher proportion of CD4+ Th1 cells was significantly associated with a lower risk of
HFrEF [HR 0.73, (95% CI 0.62–0.85), <0.001] after correction for multiple testing. No association was observed with HFpEF. No
other cell subsets were associated with incident HF.
Conclusions We observed that higher proportions of CD4+ Th1 cells were associated with a lower risk of incident HFrEF in
two distinct population-based cohorts, with similar effect sizes in both cohorts demonstrating replicability. Although
unexpected, the consistency of this finding across cohorts merits further investigation.
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Introduction

The role of inflammation in the development and progression
of heart failure (HF) is well established. Observational
studies have consistently shown an association between
inflammatory cytokines [tumour necrosis factor (TNF)
superfamily, interleukin (IL)-1 family, and IL-6] and incident

HF as well as disease severity including mortality in adults with
established HF.1–6 However, prospective trials targeting these
inflammatory cytokines in adults with existing HF have not
shown benefit.7,8 A more recent analysis from the
Canakinumab Anti-Inflammatory Thrombosis Outcomes Study
(CANTOS) did show a decrease in incident HF with IL-1β block-
ade in adults with prior myocardial infarction (MI) in
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secondary analyses,9 and recent trials on colchicine following
MI demonstrated significant reduction in major adverse
cardiovascular events.10 Although the mechanisms of
these inflammation-modulating interventions differ, the
proof-of-concept findings highlight the importance of identify-
ing specific immune mechanisms—including their cellular
effectors—that may prevent or promote HF.

Immune pathways are broadly categorized into innate
and adaptive responses. In persons with a high burden of
vascular and metabolic risk factors, chronic innate and
adaptive immune activation work in concert to drive inflam-
masome activation and elaboration of inflammatory cyto-
kines such as TNF-a, IL-1β, and IL-6, exacerbating myocardial
damage and progression to clinical sequelae.11–18 Experi-
mental models and cross-sectional studies in humans have
implicated certain immune cell populations such as classical
monocytes (CD14++CD16�) and γδ T cells in promoting
myocardial inflammation and other populations such as in-
termediate monocytes (CD14++CD16+) and natural killer
(NK) cells in regulating myocardial inflammation.19–27

Although the pro-inflammatory cytokines associated with
HF are classically involved with innate immunity, there is
growing appreciation that dysregulated adaptive immunity
can cause myocardial dysfunction.28–30 Several animal
models have demonstrated a causative role of CD4+ T
helper (Th) 1 and Th17 cells in development of HF.31,32 In
fact, CD4+ T regulatory cells, which generally have an
inflammation-resolving role, can phenotype-switch and
become dysfunctional in HF models, adopting a Th1
phenotype,33 mirroring tissue-level phenotype switches ob-
served in atherosclerosis.34 Chronic immune activation also
results in a rise in subpopulations of antigen-specific mem-
ory (CD45RO+) T cells, terminally differentiated effector
memory T cells, and senescent (CD28�) T cells, which are
associated with comorbidities such as age, hypertension, di-
abetes, and atherosclerosis.35–39

No prospective population-based studies to our knowledge
have investigated the associations of innate and adaptive
immune cell populations with the risk of incident HF. In
this study, we measured 31 immune cell subsets using
cryopreserved samples from participants enrolled in the
population-based Multi-Ethnic Study of Atherosclerosis
(MESA) and Cardiovascular Health Study (CHS). We evaluated
the prospective relationships of these immune cell subsets
with incident HF overall as well as pre-specified subtypes of
HF [with preserved ejection fraction (HFpEF) and with
reduced ejection fraction (HFrEF)] in these cohorts. Based
on prior experimental models and our cross-sectional
results in MESA, we hypothesized that higher proportions of
classical monocytes (CD14++CD16�), γδ T cells, Th1, Th17,
and CD4 + CD28� T cells, and lower proportions of interme-
diate monocytes (CD14 + CD16+), NK cells, and Treg
(CD4 + CD25 + CD127�) cells would be associated with
greater risk of incident HF.

Methods

Study cohorts

MESA is a prospective population-based cohort study
consisting of 6814 men and women from six U.S. communi-
ties (Chicago, IL; Los Angeles, CA; Baltimore, MD; St Paul,
MN; New York, NY; and Forsyth County, NC). Adults aged
45–84 years were recruited for the baseline exam from
2000 to 2002 with follow-up examinations in 2002–2004,
2004–2005, 2005–2007, 2010–2011, and 2016–2018. Pa-
tients with active cancer or history of clinical cardiovascular
disease, including HF, were excluded from enrolment. Partic-
ipants self-identified as White, Black, Hispanic, or Chinese.
Additional details on the design of the cohort have been pre-
viously described.40

CHS is a prospective population-based cohort study of
adults aged 65 or older from four field centres (Washington
County, MD; Pittsburgh, PA; Sacramento County, CA; and
Forsyth County, NC).41 In 1989–1990, 5201 adults were re-
cruited, and an additional cohort of 687 primarily Black par-
ticipants was recruited in 1992–1993. Participants had semi-
annual follow-up via clinical examinations and telephone
visits from 1990 to 1999 and biannual telephone follow-ups
after 1999.

The current study included 2106 MESA and 1860 CHS par-
ticipants with cryopreserved peripheral blood mononuclear
cell (PBMC) samples; these were obtained during the base-
line exam in MESA (2000–2002) and the Year 11 exam
(1998–1999) in CHS, which was defined as the analytic base-
line for this study. Adults in CHS with HF at the 1998–1999
exam were excluded from the primary analysis, and no partic-
ipants in MESA had HF at baseline. The samples were col-
lected as part of two case-cohort studies, one focused on
MI (HL120854) and the other on HF (HL144484), both nested
within MESA and CHS.42 In each instance, all incident cases
and a random cohort were sampled. Data from the two case
cohorts were combined, with sampling weights incorporated
as needed to permit valid estimates of associations with HF.
All participants provided written informed consent for partic-
ipation in the study and all procedures were conducted under
institutionally approved protocols for human subjects re-
search. The investigation conforms with the principles
outlined in the Declaration of Helsinki.

Baseline clinical data

Clinical covariate data were obtained from the same exami-
nation as cryopreserved cells: 2000–2002 in MESA (baseline
exam) and 1998–1999 in CHS (Year 11). In both cohorts, com-
prehensive standardized questionnaires were used to obtain
self-reported and measured baseline risk factors. Baseline
covariates of interest included age, sex, race/ethnicity, educa-
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tion, alcohol use, smoking status, physical activity, body mass
index (BMI), systolic blood pressure, use of anti-hypertensive
medications, diabetes, low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), use of
statin therapy, estimated glomerular filtration rate (eGFR),
and cytomegalovirus (CMV) serostatus.

Race/ethnicity was categorized as White, Black, Hispanic,
or Chinese in MESA and as Black or non-Black in CHS. Educa-
tion level was dichotomized into those with a bachelor’s de-
gree and above vs. those without in both cohorts. Alcohol use
and smoking were defined as never, former (none within past
30 days), or current. In MESA, physical activity was deter-
mined using a 28-item Typical Week Physical Activity Survey.
In CHS, physical activity was assessed using a modified
Minnesota Leisure-Time Activities questionnaire, which eval-
uated the frequency and duration of 15 activities during a
2-week period. For both cohorts, activities were assigned a
metabolic equivalent task (MET) intensity score and then
multiplied by minutes per week (MET-min/week).43 BMI
was calculated as the ratio of weight to height squared
(kg/m2). Diabetes was defined as a fasting blood glucose
>125 mg/dL or the use of insulin or oral hypoglycaemic med-
ications. Fasting lipid profile and serum creatinine were also
obtained for each participant. The CKD-EPI equation was
used to calculate eGFR in both cohorts.44 IgG antibodies to
CMV were measured by enzyme immunoassay (Diamedix
Corp., Miami Lakes, FL). The inter-assay coefficients of varia-
tion were 5.1–6.8% for the CMV IgG immunoassay.

Immune cell phenotyping

The flow cytometry gating strategies used for immune cell
phenotyping and flow cytometry gating strategies have been
previously described in detail.42,45–47 PBMCs were isolated
from blood collected in 8-mL citrate CPT tubes during the
baseline MESA exam in 2000–2002 and Year 11 CHS exam
in 1998–1999. The isolated PBMCs were cryopreserved in
media containing 90% foetal bovine serum and 10% dimethyl
sulfoxide at �135°C. The cells were thawed for phenotyping
in 2016–2018. A small pilot study demonstrated that cell via-
bility was similar in cryopreserved and fresh samples.

Cell surface labelling was performed to identify monocyte
subsets, NK cells, CD19+ B cells, γδ T cells, regulatory and
helper CD4+ T cells, and naïve, memory, differentiated, acti-
vated, CD45RA+ re-expressing effector memory (TEMRA)
CD4+, and CD8+ T-cell subsets in both cohorts. Cells were in-
cubated with antibodies for 15 min at room temperature in
the dark and refrigerated with 1% paraformaldehyde (Alfa
Aesar, Tewksbury, MA) until flow cytometry was performed.
All antibodies were from Miltenyi Biotec (San Diego, CA)
and used manufacturer recommended dilutions (Table S1).
The cell surface markers associated with each subset are
listed in Table S2.

In MESA, intracellular cytokine staining was used for CD4+
T helper cells. PBMCs were activated with phorbol myristic
acid/ionomycin in the presence of brefeldin A.48 After incu-
bating for 3 hat 37°C, 5% CO2, cells were centrifuged, resus-
pended in phosphate buffered saline, pH 7.4 and incubated
with a live dead stain (Thermo Fisher Cat# L34955) for
15 min at room temperature, and then centrifuged at
300 × g for 5 min. The PBMCs were resuspended in CD4 an-
tibodies and incubated for 15 min at room temperature in
the dark. Samples were centrifuged and the pellets were
washed and fixed with 2% paraformaldehyde (Alfa Aesar
Cat#43368) for 10 min. Paraformaldehyde was removed by
centrifugation, and cells were incubated with antibodies to
IL4 (Th2), IL17 (Th17), and interferon-γ (Th1) in the presence
of 1% saponin. After 15 min, cells are washed and resus-
pended in paraformaldehyde until flow cytometry was per-
formed. T helper cells in CHS were determined by cell surface
markers because samples from CHS lost viability during the
intracellular staining protocol.

Flow cytometry was performed on a MQ10 flow cytometer
and analysed with MACS Quantify software (Miltenyi Biotec).
Calibration beads were used for daily calibration. Compensa-
tion was set using single-colour compensation controls, and
isotype controls were used to set negative gates for each as-
say. Cell phenotypes were expressed as percentages. Flow cy-
tometry gating strategies are presented in Figures S1–S6. All
data are presented as a percentage (CD4 subsets as % CD4+
T cells, CD8 subsets as % CD8+ T cells, monocyte subsets as
% CD14+ monocytes, γδ T cells as % CD3+ T cells, B cell sub-
sets as % CD19 B cells, and NK cells as % gated lymphocytes).
Percentages, instead of absolute numbers, were used be-
cause PBMCs for this cohort were cryopreserved for many
years. Due to sample manipulation from cryopreservation,
our internal analyses have demonstrated percentages, rather
than absolute counts, to be a better representation of circu-
lating cells in the whole blood.

Heart failure adjudication

The co-primary outcomes in the study were incident HF
(overall) and HF subtypes HFrEF and HFpEF. In both cohorts,
potential HF events were identified from hospitalizations re-
ported at semi-annual or annual participant interviews or
from CMS claims data. In MESA, HF events were indepen-
dently adjudicated by two physicians based on the presence
of a clinical diagnosis of symptomatic HF with treatment, as
well as objective signs of HF such as left ventricular systolic
or diastolic dysfunction or pulmonary oedema.40 In CHS, each
event was confirmed through a review of available medical
records by an expert adjudication panel and required a physi-
cian diagnosis along with symptoms and clinical findings or
medical therapy for HF.6,41,49,50 Adjudicated HF events were
classified as HFrEF and HFpEF based on the measured left
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ventricular ejection fraction (LVEF) on cardiac imaging sur-
rounding the time of HF diagnosis, using a cut-off of 45%,
or unclassified if LVEF was missing.

Statistical analysis

Our analyses included participants with at least one immune
cell measure (n = 3966; MESA: 2106, CHS: 1860). The number
of participants with data for each immune cell subset is avail-
able in Table S2. Missing immune cell data were due to poor
sample quality or technical errors, which occurred at random
and were not biased by participant characteristics. Multiple
imputation (100 imputations) with chained equations was
used to impute missing immune cell and covariate data
among the 3966 participants. All 3966 participants had data
available on HF status.

Cox proportional hazard models were used to determine
the associations between the immune cell subsets and HF
(overall), HFrEF, and HFpEF. We analysed HF subtypes as
co-primary endpoints along with overall HF because HFpEF
and HFrEF have distinct pathophysiological contributors and
effective therapies for these different HF phenotypes likewise
differ. All available participants in CHS had immune cell sub-
sets measured, so no sampling weights were required. In
MESA, the inverse sampling probabilities for inclusion in the
immune cell studies were incorporated as weights in the
model to obtain unbiased estimates; and robust standard er-
ror estimates were used. Each immune cell subset was
modelled independently to avoid collinearity. Each cohort
was analysed separately and then combined using fixed ef-
fects inverse-variance-weighted meta-analysis. First, we ad-
justed for demographics including age, sex, race/ethnicity,
education, clinical site, and immune cell batch. The primary
model included HF risk factors including behaviours (alcohol
use, smoking status, physical activity), clinical factors (BMI,
diabetes, systolic blood pressure, use of anti-hypertensive
medications, LDL-C, HDL-C, use of statin therapy, and eGFR),
and CMV serostatus. CMV serostatus was used as a covariate
given prior findings in MESA that CMV titres were associated
with T-cell biasing and the high population prevalence as a
chronic infection.48 Multiple imputation was used for the pri-
mary analysis. Sensitivity analysis included complete-case
analysis that excluded any participants with missing immune
cell or covariate data. Because the immune cell subsets in
CHS were collected 9 years into the study, we also assessed
the association between immune cell subsets and prevalent
HF using logistic regression in a secondary analysis. Individ-
uals with HF by 1998–1999 in CHS were otherwise excluded
from the primary analysis of incidence. Bonferroni correction
was used to account for multiple hypothesis testing. For the
eight immune cell subsets included in the a priori hypotheses,
P value threshold was set at ≤0.0063 (eight tests). For the re-
maining 20 immune cell subsets, P value threshold was set at

≤0.0018 (28 total tests). P values observed between the
Bonferroni-corrected P value and 0.05 were interpreted as
‘borderline significant’.

Results

The baseline demographics of participants from each cohort
are described in Table 1. The average age of the MESA cohort
was 63.0 ± 10.4 years with 51% women and 28% Black. In
contrast, the average age of the CHS cohort was
79.6 ± 4.4 years with 62% women and 18% Black. A higher
proportion of MESA participants had an undergraduate or
higher degree of education and performed more
leisure-time physical activity than the CHS participants. But
there were more current smokers and drinkers in the MESA
cohort. As expected, the older CHS cohort had a higher bur-
den of hypertension than the MESA cohort. Other risk factors

Table 1 Baseline characteristics of participants from MESA and
CHS

MESA
(n = 2106)

CHS
(n = 1860)

Age, years (mean ± SD) 63.0 ± 10.4 79.6 ± 4.4
Male, % 49 38
Race/ethnicity, %
White 36 82
Chinese 14
Black 28 18
Hispanic 22

Education, % (≥Bachelor’s degree) 34 21
Leisure-time physical activity,
Met-min/week (mean ± SD)

1534 ± 2408 773 ± 1105

Alcohol, %
Current 53 7
Former 25 34
Never 22 59

Smoking status, %
Current 12 7
Former 38 44
Never 50 49

BMI, kg/m2 (mean ± SD) 28.3 ± 5.4 26.6 ± 4.5
Diabetes, % 15 13
SBP, mmHg (mean ± SD) 128.6 ± 21.8 135.2 ± 20.2
Anti-hypertensive use, % 40 58
Statin use, % 16 16
LDL cholesterol, mg/dL
(mean ± SD)

116.1 ± 30.8 129.4 ± 32.8

HDL cholesterol, mg/dL
(mean ± SD)

50.1 ± 14.4 53.9 ± 14.3

eGFR, mL/min/1.73 m2

(mean ± SD)
77.2 ± 17.3 73.4 ± 18.3

Log-transformed CMV
(mean ± SD)

BMI, body mass index; CHS, Cardiovascular Health Study; CMV, cy-
tomegalovirus; eGFR, estimated glomerular filtration rate; HDL,
high-density cholesterol; LDL, low-density cholesterol; MESA,
Multi-Ethnic Study of Atherosclerosis; SBP, systolic blood pressure;
SD, standard deviation.
Race/ethnicity was self-identified.
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such as BMI, diabetes, and eGFR were relatively similar in
both cohorts.

The mean proportion of each immune cell subset in each
cohort are included in Table S2. The median duration of
follow up was 16.3 years [interquartile range (IQR) 8.6–
17.3 years] in MESA and 8.4 years (IQR 4.3–13.2 years) in
CHS. There were a total of 933 HF events, 340 in MESA and
593 in CHS. Of those that had an LVEF at time of diagnosis
(70%), 336 were categorized as HFpEF (129 in MESA and
207 in CHS), and 318 were categorized as HFrEF (168 in MESA
and 150 in CHS). The median and IQR of LVEF in participants
with HFrEF was 32.5% (IQR 27–39) in MESA and 35% (IQR 25–
40) in CHS. The median and IQR of LVEF in participants with
HFpEF was 60% (IQR 55–63) in MESA and 60% (IQR 55–63)
in CHS.

The associations between the prespecified immune cell
subsets and incident HF are shown in Figure 1. In the primary
model (Table 2), a higher proportion of CD4+ Th1 cells was
associated with a borderline-significantly lower risk of HF in
the meta-analysis [HR 0.91, (95% CI 0.83–0.99), P = 0.03],
with similar HRs observed in MESA (0.92) and CHS (0.90).
The direction of this association was opposite of our a priori
hypothesis. The finding was driven by the association with
HFrEF. When analysing HF sub-phenotypes separately (HFrEF
and HFpEF), a higher proportion of CD4+ Th1 cells was asso-
ciated with a significantly lower risk of HFrEF in the
meta-analysis [HR 0.73, (95% CI 0.62–0.85), P < 0.001] even
after Bonferroni correction (Table 3). The association was ob-
served in both MESA [HR 0.80, (95% CI 0.65–0.99), P = 0.04]
and CHS [HR 0.65, (95% CI 0.51–0.82), P < 0.001] cohorts. Of

Figure 1 Association of pre-specified immune cells with incident heart failure.
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note, there was no significant difference observed in HF risk
when categorized by overall CD4 quartiles Figure (S7 ). A
higher proportion of NK cells was marginally
non-significantly associated with a lower risk of HFrEF in
MESA [HR 0.81, (95% CI 0.65–1.00), P = 0.06] but not in
CHS [HR 1.00, (95% CI 0.81–1.22), P = 0.97]. No immune cell
subsets, including CD4+ Th1 cells or NK cells, had a signifi-
cant association with HFpEF in MESA or CHS (Table 4). In a
sensitivity analysis restricting the cohort to only complete
cases (Table S4), a higher proportion of CD4+ Th1 cells
was borderline-significantly associated with lower risk of
HF in the meta-analysis [HR 0.90, (95% CI 0.82–0.99),
P = 0.03].

Because PBMCs were collected in CHS 9 years into the
study, there were 68 cases of prevalent HF in the cohort. In
secondary analyses, we determined the association of im-
mune cell subsets with prevalent HF (Table S5). In the final
model, adjusted for the same covariates as the above primary
model, we observed an association between CD4+ Th17 cells
and increased risk of prevalent HF [OR 1.36, (95% CI 1.08–

1.71), P = 0.008]. There was no association between CD4+
Th1 or NK cells with prevalent HF.

Discussion

In this study, we evaluated the prospective associations of cir-
culating immune cell subsets with the risk of incident HF in
two longitudinal population-based cohorts. We observed
consistent associations of CD4+ Th1 cells with lower risk of
overall HF, driven by a significantly lower risk for incident
HFrEF. Specifically, one standard deviation increase in circu-
lating Th1 cells as a proportion of total circulating CD4+ T
cells was associated with an approximately 25% lower risk
for incident HFrEF. Associations of Th1 cells with HF and
HFrEF were similar in CHS and MESA, demonstrating replica-
tion across two distinct populations with important differ-
ences in demographics, baseline risk factor profiles, and
follow-up duration. Congruent findings across both cohorts

Table 2 Association of immune cell subsets with incident heart failure

Immune cell subsets

MESA CHS Meta-analysis

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Monocytes
Classical monocytes 0.94 (0.80–1.10) 0.43
Intermediate monocytes 1.05 (0.88–1.24) 0.61
Non-classical monocytes 1.05 (0.90–1.22) 0.56

Innate lymphocytes
Natural killer cells 0.88 (0.76–1.03) 0.11 0.99 (0.89–1.09) 0.77 0.95 (0.88–1.04) 0.26
γδ T cells 0.92 (0.78–1.10) 0.36 1.05 (0.95–1.16) 0.38 1.01 (0.93–1.10) 0.77

CD4+ T cells
Pan-CD4+ T cells 1.04 (0.89–1.21) 0.66 0.97 (0.88–1.07) 0.55 0.99 (0.91–1.07) 0.79
T helper 1 0.92 (0.79–1.08) 0.31 0.90 (0.80–1.00) 0.05 0.91 (0.83–0.99) 0.03
T helper 2 1.09 (0.93–1.27) 0.29 1.02 (0.91–1.14) 0.76 1.04 (0.95–1.14) 0.39
T helper 17 1.01 (0.88–1.16) 0.90 1.04 (0.94–1.15) 0.43 1.03 (0.95–1.11) 0.47
T regulatory cells 1.04 (0.88–1.22) 0.68 0.99 (0.89–1.09) 0.81 1.00 (0.92–1.09) 1.00
Naive 0.97 (0.84–1.10) 0.61 1.04 (0.95–1.14) 0.38 1.02 (0.94–1.10) 0.66
Memory 1.00 (0.87–1.14) 0.95 0.96 (0.87–1.07) 0.49 0.98 (0.90–1.06) 0.55
Activated or T regulatory 0.98 (0.83–1.16) 0.79 1.06 (0.95–1.19) 0.27 1.04 (0.94–1.14) 0.44
Activated or mature 1.04 (0.95–1.14) 0.38
Differentiated/senescent (CD4 + CD28�) 0.98 (0.81–1.18) 0.83 1.03 (0.94–1.13) 0.54 1.02 (0.94–1.11) 0.65
Differentiated/senescent (CD4 + CD57+) 0.95 (0.8–1.14) 0.61 1.05 (0.96–1.16) 0.27 1.03 (0.95–1.12) 0.45
Differentiated/senescent (CD4 + CD28 � CD57+) 0.92 (0.77–1.11) 0.39 1.02 (0.93–1.11) 0.71 1.00 (0.92–1.08) 0.96
TEMRA 0.93 (0.78–1.12) 0.45 0.99 (0.90–1.08) 0.81 0.98 (0.90–1.06) 0.58

CD8+ T cells
Pan-CD8+ T cells 1.02 (0.89–1.18) 0.78 1.04 (0.94–1.14) 0.47 1.03 (0.95–1.12) 0.45
Naïve 1.07 (0.93–1.23) 0.35 1.04 (0.94–1.14) 0.45 1.05 (0.97–1.13) 0.25
Memory 0.90 (0.77–1.04) 0.16 0.95 (0.87–1.05) 0.33 0.94 (0.87–1.02) 0.11
Activated or mature 1.06 (0.96–1.17) 0.25
Differentiated/senescent (CD8 + CD28�) 1.05 (0.89–1.23) 0.58 1.05 (0.96–1.16) 0.29 1.05 (0.97–1.14) 0.24
Differentiated/senescent (CD8 + CD57+) 1.02 (0.88–1.19) 0.76 0.98 (0.90–1.07) 0.70 0.99 (0.92–1.07) 0.86
Differentiated/senescent (CD8 + CD28 � CD57+) 1.06 (0.90–1.24) 0.47 0.98 (0.90–1.08) 0.73 1.00 (0.93–1.09) 0.96
TEMRA 1.05 (0.91–1.21) 0.54 1.01 (0.92–1.10) 0.91 1.02 (0.94–1.10) 0.67

B cells
Pan-CD19+ B cells 1.05 (0.90–1.21) 0.56 0.98 (0.89–1.09) 0.71 1.00 (0.92–1.09) 0.98
Memory 1.03 (0.87–1.23) 0.72 0.97 (0.86–1.10) 0.66 0.99 (0.90–1.10) 0.88

Analysis adjusted for age, sex, race/ethnicity, education, clinical site, immune cell analytical batch, alcohol use, smoking status, physical
activity, BMI, diabetes, systolic blood pressure, use of anti-hypertensive medications, LDL-C, HDL-C, use of statin therapy, eGFR, and
CMV serostatus. Multiple imputation method used.
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add to the robustness of the results as Th immune cell
subsets were identified using cell surface markers in CHS
and cytokine profiles in MESA. No immune cell subsets were
associated with risk for incident HFpEF.

Our central finding that a higher proportion of CD4+ Th1
cells was associated with a lower risk of incident HFrEF was
not expected and thus is hypothesis-generating and requires
validation by future experimental studies. Prior human stud-
ies have shown that CD4+ Th1 cells and its inflammatory
maker, interferon-γ, are elevated in patients with prevalent
HFrEF and associated with worse disease severity.51 Animal
models of HFrEF have also demonstrated expansion and infil-
tration of CD4+ Th1 cells, along with CD4+ Th2 and Th17 cells,
into the myocardium.31–33 Importantly, our analysis differs
from prior studies in that we examined prospective associa-
tions of cell subsets with incident (not prevalent) HF, and
we focused on circulating immune cells rather than cells en-
tering into tissue-specific spaces such as the myocardium.
This association was not driven by interval MI, as prior analy-
ses from these cohorts showed no association between CD4+
Th1 cells and MI.42

First, the distinction between prevalent and incident dis-
ease—as well as the potentially divergent roles and func-
tions of Th1 cells in individuals who are healthy at baseline
compared with those who have existing disease—merits
discussion. Unlike adults who have already developed HF,
which creates a pro-inflammatory environment and contrib-
utes to immune activation, participants in our cohorts were
free of HF at the time of PBMC collection.52 Thus, the
make-up and role of immune cell subsets may substantially
differ before and after development of HF. Given the sur-
prising but consistent protective association we observed
of Th1 cells with HFrEF, these cells may represent entirely
different processes in largely healthy individuals compared
with individuals with existing HFrEF: In healthy individuals,
higher Th1 proportions may reflect adaptive immune com-
petence in response to invading pathogens (consistent with
canonical Th1 functions53) whereas if the overwhelming in-
flammatory stimulus is chronic, non-resolving HF, Th1 cells
may simply reflect HF severity. Furthermore, although ani-
mal models can help understand the role of immune cell
subsets prior to development of HF, the model of cardiac

Table 3 Association of immune cell subsets with incident heart failure with reduced ejection fraction

Immune cell subsets

MESA CHS Meta-analysis

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Monocytes
Classical monocytes 0.98 (0.79–1.22) 0.89
Intermediate monocytes 1.05 (0.83–1.31) 0.69
Non-classical monocytes 0.98 (0.79–1.21) 0.83

Innate lymphocytes
Natural killer cells 0.81 (0.65–1.00) 0.06 1.00 (0.82–1.23) 0.97 0.91 (0.78–1.05) 0.20
γδ T cells 0.86 (0.67–1.10) 0.23 1.12 (0.93–1.35) 0.23 1.02 (0.88–1.18) 0.82

CD4 + T cells
Pan-CD4+ T cells 1.13 (0.91–1.39) 0.28 0.93 (0.77–1.12) 0.45 1.01 (0.88–1.16) 0.87
T helper 1 0.80 (0.65–0.99) 0.04 0.65 (0.51–0.82) <0.001 0.73 (0.62–0.85) <0.001
T helper 2 0.99 (0.79–1.24) 0.94 1.16 (0.96–1.41) 0.13 1.08 (0.94–1.25) 0.27
T helper 17 0.99 (0.81–1.20) 0.89 1.14 (0.96–1.35) 0.12 1.07 (0.95–1.22) 0.27
T regulatory cells 0.90 (0.72–1.13) 0.36 0.95 (0.76–1.18) 0.63 0.92 (0.79–1.08) 0.32
Naive 1.04 (0.86–1.25) 0.68 1.05 (0.87–1.25) 0.61 1.04 (0.92–1.19) 0.52
Memory 0.94 (0.77–1.15) 0.55 0.86 (0.70–1.05) 0.13 0.90 (0.78–1.03) 0.13
Activated or T regulatory 0.95 (0.75–1.19) 0.64 1.08 (0.86–1.37) 0.51 1.01 (0.86–1.19) 0.90
Activated or mature 1.19 (1.00–1.41) 0.05
Differentiated/senescent (CD4 + CD28�) 0.87 (0.67–1.13) 0.31 0.96 (0.79–1.16) 0.68 0.93 (0.80–1.08) 0.35
Differentiated/senescent (CD4 + CD57+) 0.84 (0.65–1.07) 0.16 0.96 (0.79–1.16) 0.65 0.91 (0.79–1.06) 0.22
Differentiated/senescent (CD4 + CD28 � CD57+) 0.83 (0.65–1.06) 0.13 0.92 (0.76–1.11) 0.37 0.88 (0.76–1.02) 0.10
TEMRA 0.90 (0.71–1.15) 0.41 0.91 (0.75–1.10) 0.33 0.91 (0.78–1.05) 0.20

CD8 + T cells
Pan-CD8+ T cells 0.95 (0.80–1.13) 0.54 0.89 (0.73–1.08) 0.24 0.92 (0.81–1.05) 0.21
Naïve 1.08 (0.87–1.33) 0.48 1.00 (0.83–1.20) 0.99 1.03 (0.90–1.19) 0.65
Memory 0.94 (0.76–1.18) 0.61 0.94 (0.77–1.13) 0.50 0.94 (0.81–1.08) 0.39
Activated or mature 0.99 (0.81–1.20) 0.90
Differentiated/senescent (CD8 + CD28�) 1.08 (0.86–1.36) 0.52 0.98 (0.81–1.19) 0.84 1.02 (0.88–1.18) 0.80
Differentiated/senescent (CD8 + CD57+) 1.02 (0.84–1.25) 0.83 0.93 (0.78–1.11) 0.41 0.97 (0.85–1.10) 0.63
Differentiated/senescent (CD8 + CD28 � CD57+) 1.06 (0.85–1.32) 0.61 0.91 (0.76–1.10) 0.34 0.97 (0.84–1.12) 0.68
TEMRA 1.06 (0.86–1.30) 0.58 1.00 (0.83–1.20) 1.00 1.03 (0.90–1.17) 0.72

B cells
Pan-CD19+ B cells 1.07 (0.89–1.29) 0.47 1.07 (0.88–1.30) 0.52 1.07 (0.93–1.22) 0.33
Memory 1.02 (0.81–1.27) 0.88 0.93 (0.73–1.20) 0.60 0.98 (0.83–1.16) 0.81

Analysis adjusted for age, sex, race/ethnicity, education, clinical site, immune cell analytical batch, alcohol use, smoking status, physical
activity, BMI, diabetes, systolic blood pressure, use of anti-hypertensive medications, LDL-C, HDL-C, use of statin therapy, eGFR, and
CMV serostatus. Multiple imputation method used.
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injury is more acute and rapid than the natural history of HF
in adults with competing co-morbidities and chronic risk
factors, which unfolds over years. When categorized by
quartiles of Th1 proportions, baseline characteristics of
participants in MESA and CHS did show some differences
in demographics, such as greater Th1 proportions in women
in CHS, but no significant differences in risk factor
profiles (Tables S6 and S7 ).

A separate potential reason for our findings relates to the
distinction between circulating and tissue-infiltrating im-
mune cells. Indeed, analyses of human myocardial tissue
demonstrate that peripheral blood may not reflect the im-
mune composition within different tissues, including myocar-
dium and nearby lymph nodes.54 The importance of these
findings is underscored by the plasticity of CD4+ T-cell sub-
sets. It is becoming increasingly appreciated that CD4 T-cell
subsets are not terminally differentiated cells and in fact
can acquire new properties and change functions over time
depending on the local microenvironment. Specifically,
CD4+ Th1 cells can switch from pro-inflammatory effector
cells to regulatory-like T cells, with co-morbidity- and local

microenvironment-specific determinants of these phenotype
switches.34,55 Follow-up investigation of the role of T-cell
plasticity and related determinants, including T-cell antigen
specificity and clonal expansion,56,57 warrants further study
but was beyond the scope of this analysis.

A related possible explanation for our findings relates
to differential migration into tissues of circulating cells.
Recently, we observed a similarly surprising association
whereby higher proportions of a canonically pro-
inflammatory cell subset (in this case, classical monocytes)
were associated with carotid intima-media thickness regres-
sion in MESA.58 One hypothesized explanation for this finding
was that specific cell subsets (such as classical monocytes,
which commonly migrate across the endothelium into arte-
riosclerotic plaque) may actually have higher proportions in
the blood if they are less effective at migrating out of the
vascular space and into tissues of interest. Of course, as ap-
plies to Th1 cells and our HF findings, this is a hypothesis that
is beyond the scope of the present study but could be
investigated further in models evaluating circulating and
myocardial-specific T-cell migration and differentiation.

Table 4 Association of immune cell subsets with incident heart failure with preserved ejection fraction

Immune cell subsets

MESA CHS Meta-analysis

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Monocytes
Classical monocytes 0.95 (0.72–1.25) 0.72
Intermediate monocytes 0.97 (0.73–1.28) 0.80
Non-classical monocytes 1.10 (0.86–1.40) 0.43

Innate lymphocytes
Natural killer cells 1.00 (0.79–1.26) 0.98 0.90 (0.75–1.07) 0.24 0.93 (0.81–1.08) 0.34
γδ T cells 0.94 (0.70–1.26) 0.68 1.04 (0.88–1.24) 0.63 1.01 (0.88–1.18) 0.85

CD4 + T cells
Pan-CD4+ T cells 0.99 (0.78–1.27) 0.95 0.93 (0.79–1.10) 0.40 0.95 (0.83–1.09) 0.46
T helper 1 1.06 (0.83–1.34) 0.65 1.04 (0.88–1.24) 0.63 1.05 (0.91–1.20) 0.50
T helper 2 1.10 (0.84–1.45) 0.47 0.87 (0.70–1.08) 0.21 0.96 (0.81–1.13) 0.61
T helper 17 0.98 (0.79–1.22) 0.86 0.98 (0.82–1.18) 0.83 0.98 (0.86–1.12) 0.78
T regulatory cells 1.01 (0.80–1.29) 0.92 0.91 (0.75–1.09) 0.28 0.94 (0.82–1.09) 0.43
Naive 0.88 (0.71–1.10) 0.27 1.08 (0.93–1.26) 0.33 1.01 (0.89–1.14) 0.87
Memory 1.06 (0.85–1.32) 0.59 0.96 (0.81–1.15) 0.66 1.00 (0.87–1.14) 1.00
Activated or T regulatory 0.92 (0.71–1.21) 0.56 1.01 (0.84–1.22) 0.90 0.98 (0.84–1.14) 0.81
Activated or mature 1.04 (0.89–1.22) 0.61
Differentiated/senescent (CD4 + CD28�) 1.16 (0.90–1.50) 0.24 1.07 (0.92–1.25) 0.38 1.10 (0.96–1.25) 0.17
Differentiated/senescent (CD4 + CD57+) 1.10 (0.85–1.42) 0.45 1.04 (0.88–1.22) 0.64 1.06 (0.92–1.21) 0.42
Differentiated/senescent (CD4 + CD28 � CD57+) 1.08 (0.84–1.39) 0.54 1.04 (0.90–1.21) 0.58 1.05 (0.93–1.20) 0.43
TEMRA 1.00 (0.77–1.29) 0.97 1.02 (0.88–1.19) 0.79 1.01 (0.89–1.15) 0.84

CD8+ T cells
Pan-CD8+ T cells 1.09 (0.84–1.41) 0.50 1.00 (0.86–1.18) 0.95 1.03 (0.90–1.18) 0.68
Naïve 1.13 (0.93–1.38) 0.23 1.04 (0.89–1.22) 0.61 1.08 (0.95–1.22) 0.25
Memory 0.84 (0.68–1.05) 0.12 0.95 (0.81–1.12) 0.54 0.91 (0.80–1.04) 0.15
Activated or mature 1.12 (0.95–1.31) 0.18
Differentiated/senescent (CD8 + CD28�) 1.05 (0.80–1.37) 0.71 1.14 (0.97–1.33) 0.11 1.11 (0.97–1.27) 0.12
Differentiated/senescent (CD8 + CD57+) 1.04 (0.82–1.33) 0.72 1.03 (0.89–1.20) 0.65 1.04 (0.91–1.18) 0.57
Differentiated/senescent (CD8 + CD28 � CD57+) 1.10 (0.85–1.43) 0.47 1.04 (0.89–1.21) 0.64 1.05 (0.92–1.20) 0.44
TEMRA 1.07 (0.87–1.32) 0.53 1.04 (0.89–1.21) 0.62 1.05 (0.93–1.18) 0.44

B cells
Pan-CD19+ B cells 1.01 (0.77–1.31) 0.96 1.06 (0.90–1.26) 0.47 1.05 (0.91–1.20) 0.53
Memory 1.06 (0.80–1.39) 0.69 0.95 (0.78–1.17) 0.65 0.99 (0.84–1.16) 0.90

Analysis adjusted for age, sex, race/ethnicity, education, clinical site, immune cell analytical batch, alcohol use, smoking status, physical
activity, BMI, diabetes, systolic blood pressure, use of anti-hypertensive medications, LDL-C, HDL-C, use of statin therapy, eGFR, and
CMV serostatus. Multiple imputation method used.
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Other associations we observed were inconsistent and not
replicated across cohorts or analytic models. We observed an
association between higher proportion of NK cells and lower
risk of incident HFrEF. However, this was only observed in
MESA and was not significant after correction for multiple
testing. Although NK cells have regulatory functions and
may be cardioprotective, this association needs to be corrob-
orated in additional cohorts. No other CD4+ T cell, CD8+ T
cells, monocyte, or B-cell subsets were associated with inci-
dent HF in our study. This again contrasts from animal models
of HF and human studies in participants who have already de-
veloped HF. Overall, our null findings suggest that although
dysregulation of different immune cell subsets may play an
important role in development of HF after acute myocardial
injury, peripheral blood immune cells measured prior to de-
velopment of cardiovascular disease are of limited use as
HF biomarkers.

In an exploratory analysis of CHS patients with existing HF,
we observed an association with CD4+ Th17 cells but not
CD4+ Th1 cells. Prior studies have also shown an increase in
the relative proportion of CD4+ Th17 cells in patients with
HF, regardless of HF subtype.59 Although performed in a lim-
ited number of participants, the lack of association with CD4+
Th1 argues against reverse causation in the primary analysis
with incident HF.

Study limitations

Our study has limitations. The monocyte subsets were mea-
sured in MESA but not available in CHS, and data for each
immune cell subset were not available for every participant.
Although a relatively comprehensive list of immune cell
phenotypes was measured, several subcategories of immune
cell subsets such as central and effector memory T cells and
severe B-cell phenotypes were not measured. Additionally,
cell surface markers may be affected by cryopreservation,
although there were no significant differences when com-
pared with fresh samples in our cohort.42 Although this is
the first longitudinal study to evaluate the associations of
different immune cell subsets with incident HF, future stud-
ies will need to investigate changes in immune cell subsets
over time. Furthermore, in addition to cell surface markers,
assessing cytokine profiles and antigen specificities will be
key to understanding the function of each immune cell’s
roles in HF. Relative proportions of peripheral immune cells
are likely not representative of myocardial resident immune
cells, and thus, better characterization of immune cell phe-
notypes in the myocardium is also needed. Given this is an
observational study with a case-cohort design, there may
be residual confounding and bias despite adjustment for
clinically relevant covariates and use of sampling weights
in our models. Furthermore, additional echocardiographic

data or levels of natriuretic peptides were not available at
the time of the HF diagnosis.

Conclusions

In this meta-analysis, we measured the association of im-
mune cell subsets with incident HF in two large longitudinal
observational cohorts. Our primary finding was a significant
association between a higher proportion of CD4+ Th1 cells
and lower risk of incident HF, specifically HFrEF. Although
CD4+ Th1 cells are inflammatory in acute settings, this finding
suggests that higher Th1 proportions may reflect adaptive im-
mune competence in adults without HF. This finding is
hypothesis-generating and needs further investigation includ-
ing understanding of temporal changes in the abundance and
functionality of CD4+ Th1 cells and their association with inci-
dent HFrEF. Identifying pathways underlying this finding may
provide targets for immunomodulatory therapy aimed at HF
prevention in high-risk populations.
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