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Abstract
Purpose of Review  In this review, we focus on immune cell activation in obesity and cardiovascular disease, highlighting 
specific immune cell microenvironments present in individuals with atherosclerosis, non-ischemic heart disease, hyperten-
sion, and infectious diseases.
Recent Findings  Obesity and cardiovascular disease are intimately linked and often characterized by inflammation and a 
cluster of metabolic complications. Compelling evidence from single-cell analysis suggests that obese adipose tissue is 
inflammatory and infiltrated by almost all immune cell populations. How this inflammatory tissue state contributes to more 
systemic conditions such as cardiovascular and infectious disease is less well understood. However, current research suggests 
that changes in the adipose tissue immune environment impact an individual’s ability to combat illnesses such as influenza 
and SARS-CoV2.
Summary  Obesity is becoming increasingly prevalent globally and is often associated with type 2 diabetes and heart disease. 
An increased inflammatory state is a major contributor to this association. Widespread chronic inflammation in these disease 
states is accompanied by an increase in both innate and adaptive immune cell activation. Acutely, these immune cell changes 
are beneficial as they sustain homeostasis as inflammation increases. However, persistent inflammation subsequently dam-
ages tissues and organs throughout the body. Future studies aimed at understanding the unique immune cell populations in 
each tissue compartment impacted by obesity may hold potential for therapeutic applications.
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Introduction

For over three decades, scientists have understood that 
chronic inflammation is a significant contributor to many dis-
eases. This is particularly notable in obesity, where the over-
all immune phenotype converts from an anti-inflammatory 

to a pro-inflammatory state [1]. All types of immune cells, 
including innate and adaptive, reside in adipose tissue, and 
the full spectrum of their contributions to adipose tissue 
homeostasis is not known. Adipose tissue undergoes major 
remodeling during obesity, including adipocyte hypertro-
phy, expansion of extracellular matrix, and most notably 
for this review, extensive changes in the immune cell com-
partment. Other tissues such as the muscle, liver, pancreas, 
and brain also have immune-mediated changes during obe-
sity that impact their function. The heart and vasculature 
contain a diverse network of immune cells that function 
to maintain homeostasis; respond to ischemic, infectious, 
and non-infectious injury; and in some instances, inappro-
priately propagate autoimmune or other pro-inflammatory 
insults, including chronic inflammation of obesity. In this 
article, we provide a brief summary of the current literature 
on how immune cell activation in obesity impacts adipose 
tissue inflammation, atherosclerotic cardiovascular disease 
(ASCVD), non-ischemic cardiovascular disease, hyperten-
sion, and infectious diseases.
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Adipose Tissue Inflammation in Obesity

Obesity is characterized by an increase in adipose tissue 
mass, accompanied by chronic tissue-specific and systemic 
inflammation. In the early 2000s, macrophages were iden-
tified as a key contributor to this inflammation in obese  
adipose tissue [2, 3]. In contrast to lean adipose tissue where 
macrophages make up 5–10% of total cells, macrophages 
make up 60% of cells in obese adipose tissue. Additionally, 
macrophages in obese adipose tissue arrange themselves into  
crown-like structures surrounding individual adipocytes [4]  
and exhibit an M1 dominant phenotype [5], secreting tumor 
necrosis factor alpha (TNF-α) and interleukin (IL) 6. This 
sustained inflammation is in part due to the interaction 
between macrophages and CD8+ T cells, which infiltrate adi-
pose tissue during the early stages of obesity. CD8+ T-cell 
infiltration into obese adipose tissue precedes recruited 
monocyte arrival and guides macrophage differentiation, 
migration, and activation [6]. Obesity research demonstrates 
that an increase in adiposity is characterized by an infiltra-
tion and increase of almost all immune cell populations.

Single‑Cell Techniques Reveal Novel Immune 
Populations

The advent of single-cell sequencing has made it possible 
to better characterize adipose tissue and highlight contribu-
tions from sex, age, environmental temperature, and nutrition. 
Single-nucleus RNA-seq highlights plasticity in adipose tissue 
and a shift from a lipogenic population of macrophages to 
a lipid-scavenging population [7]. Recently, multiple groups 
have performed single-cell analysis on the immune-rich stro-
mal vascular fraction of white adipose tissue (WAT) from lean 
and obese humans and mice. Distinct cellular clusters in the 
stromal vascular fraction were identified, and unsurprisingly, 
it was determined that as adipose tissue changes from lean to 
obese, signaling pathways transition from immunoregulatory 
to inflammatory [8, 9•]. In obese WAT, there are increased 
percentages of endothelial cells, adipose-resident dendritic 
cells, unconventional T-cells, and myeloid-like, natural killer-
like, and innate lymphoid cells [8]. Ligand-receptor analysis 
in lean WAT indicates that pathways are in place to defend 
against inflammatory mechanisms resulting from increased 
adiposity. The number of ligand-receptor pairings increases in 
cells from obese humans, attributed to accelerated recruitment 
of myeloid and macrophage populations [8]. Similarly, single-
cell RNA (scRNA) sequencing reveals that the immune cell 
niche is highly variable depending on which adipose depot the 
immune cells reside in [10].

Other studies have also identified unique macrophage 
subtypes in obese adipose tissue including lipid-associated 
macrophages (LAMs), metabolically activated macrophages, 

and CD9+ adipose tissue macrophages [11, 12•, 13]. These 
macrophages are lipid laden, reside in crown-like structures 
surrounding adipocytes, and are pro-inflammatory. While the  
gene signatures of these macrophages are distinct, physio-
logically, it is likely that these three macrophage populations 
possess a similar function. A novel marker of this population 
of macrophages, the triggering receptor expressed on mye-
loid cells 2 (Trem2), is conserved in the obese adipose tissue 
of both humans and mice. Loss of Trem2 causes adipocyte 
hypertrophy [12•, 14, 15] and, in some studies, worsened 
metabolic outcomes [12•, 14]. These phenotypic findings 
suggest that Trem2+ macrophages are key metabolic regula-
tors within adipose tissue.

Similarly, scRNA-seq has been used to investigate the 
impact of a high-fat diet (HFD) on T cells and suggests 
that after extended periods of overfeeding, T cells become 
exhausted [16]. Analysis of this data indicates that these  
T cells are characterized by increased cell surface inhibi-
tory receptors, decreased TCR signaling, and metabolic 
impairment. Altogether, these data indicate an impaired 
adaptive immune response which will be discussed later in 
this review.

T Cell Clonality

CD4+ and CD8+ T cells play a fundamental role in obesity-
induced insulin resistance, and conserved T cell receptor 
(TCR) sequences have been identified on these cells iso-
lated from obese adipose tissue [6, 17]. Clonal expansion, 
or the proliferation of T cells with specific TCRs that rec-
ognize obese adipose tissue, has been less studied. Previ-
ously, we showed that in mice fed a HFD, the number of 
CD8+ T cells was increased, but more importantly, these 
cells had increased clonality suggesting less TCR diversity 
than CD8+ T cells isolated from lean adipose tissue [18]. 
Data from the HFD mice indicated that more public clones 
were present under this dietary condition. The amino acid 
sequences corresponding to the clonal TCRs were charac-
terized as charged and non-polar. This observation suggests 
that the tissue microenvironment is composed of compounds 
that react and influence the increased presence of positively 
charged, non-polar TCRs. Isolevuglandins are present at high 
levels in adipose tissue macrophages and have been identified 
as one of the components of the adipose tissue microenviron-
ment stimulating CD8+ T cell proliferation [18].

T Cell Exhaustion

Another expanding area of research is related to the  
observation that T cell exhaustion, most commonly asso-
ciated with the tumor microenvironment and viral infec-
tions, also increases in obese adipose tissue. Obesity has 
been implicated in both tumor progression and a transition 
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from PD-1− CD8+ non-exhausted T cells to PD-1+ CD8+ 
exhausted T cells [19•]. Furthermore, both CD4+ and 
CD8+ T cells in obese adipose tissue have increased 
expression of the exhaustion marker PD1 on the cell sur-
face [16, 20]. Our group used scRNA-seq analysis of adi-
pose tissue immune cells and revealed that this population 
of exhausted CD8+ T cells exists within adipose tissue 
from weight cycled and weight loss mice in addition to 
obese mice [21••]. These CD8+ T cells express PD1 and 
are also characterized by exhaustion markers Pdcd1, Tox, 
Entpd1, Tigit, and Lag3. Recent studies have determined 
that adipose tissue T cells from diabetic humans have an 
impaired inflammatory phenotype after T cell receptor 
stimulation, comparable to what is seen in obese diabetic 
mice [16]. Single-cell sequencing on CD3+ epididymal 
WAT revealed enrichment for exhaustion genes on both 
CD4+ and CD8+ cells. These paradigm-shifting results 
indicate that T cells from obese adipose tissue have an 
exhausted profile with decreased cytokine production as 
opposed to an inflammatory one.

Effect of Weight Loss on Immune Cell Populations 
in Adipose Tissue

It is well established that weight loss improves multiple 
aspects of cardiometabolic health. However, some evidence 
suggests that immune remodeling evoked by obesity may 
not resolve with weight loss and thus may accelerate car-
diometabolic disease risk upon weight regain. A recent 
study placed male mice on a HFD for 12 weeks followed 
by 2–24 weeks of weight loss. After 8 weeks of weight loss, 
despite the fact that fat mass was significantly reduced and 
comparable to control animals, pro-inflammatory CD11c+ 
adipose tissue macrophages (ATMs) remained elevated [22]. 
Similar to the ATMs, CD8+ T cells persist at higher levels 
post-weight loss as compared to non-diet controls. Our work 
also confirms the persistence of increased ATMs post-weight 
loss and shows that these macrophages are characterized by 
increases in lipid handling (Cd9, Trem2, Cd36), activation/
adhesion (Cd81, Cd63), and co-stimulation (Cd86, Cd40) 
genes [21••]. Additional studies support these findings and 
implicate that obesity contributes to persistent inflammation 
in adipose tissue even after weight loss. This “obesogenic 
memory” may contribute to sustained insulin resistance and 
aberrant glucose metabolism [23].

Inflammation in Cardiovascular Disease

Atherosclerotic Cardiovascular Disease

In the 1970s and 1980s, ASCVD was thought to be driven 
primarily by hyperlipidemia. As cholesterol-lowering 

medications came into widespread use, it became clear that 
there was a residual risk that was not eliminated even after 
lipid lowering. Thus, inflammation was explored as an 
additional compounding factor [24]. With ischemic injury 
resulting from the rupture of atherosclerotic plaques, there 
is mast cell degranulation, production of pro-inflammatory 
cytokines and chemokines by macrophages and cardio-
myocytes to recruit additional immune cells, and produc-
tion of local growth factors by fibroblasts [25]. Endothe-
lial cells lining the heart become activated and express 
adhesion molecules, further promoting the recruitment of 
immune cells. Recruited neutrophils and monocytes scav-
enge dead or dying cells and produce proteolytic enzymes 
to help in tissue repair. IL-10 production by regulatory T 
cells and transforming growth factor β (TGFβ) and vascu-
lar endothelial growth factor (VEGF) production by mac-
rophages further promote tissue repair, fibrosis, and angio-
genesis. There is remodeling of both the infarcted as well 
the remote or non-infarcted myocardium, and a careful 
balance of immune responses is needed to avoid develop-
ment of further cardiac dysfunction such as heart failure or 
cardiac rupture. Recent clinical trials have shown that anti-
inflammatory medications such as anti-IL1β therapy [the 
Canakinumab Anti-inflammatory Thrombosis Outcomes 
Study (CANTOS) [26]] or low-dose colchicine [Colchi-
cine Cardiovascular Outcomes Trial (COLCOT) [27•]] can 
lead to fewer deaths from ASCVD. However, while deaths 
from ASCVD were reduced, widespread dampening of the 
immune system is not ideal and other fatal infections were 
elevated in the treatment groups in these studies. Thus, 
the role of inflammation in ASCVD, and the potential to 
target inflammation more specifically, are important areas 
of continued research.

Inflammatory Resolution

While much work continues to focus on eliminating pro-
inflammatory stimuli, newer studies suggest that enhanc-
ing inflammatory resolution may be a superior approach. 
Inflammatory resolution is a process common in acute 
infections — with the end goal of tissue repair — but 
seemingly difficult to achieve with chronic inflammation. 
Resolution is not passive, but rather an active process 
involving many mediators, including proteins and lipids. 
A panel of lipid mediators (lipoxins, resolvins, protectins, 
and maresins) are derived from arachidonic acid, eicosa-
pentaenoic acid, and docosahexaenoic acid and are gener-
ally termed specialized pro-resolving mediators (SPMs). 
In many animal studies, SPMs have been shown to reduce 
plaque progression and some human studies also suggest a 
link between SPMs and ASCVD. A comprehensive review 
of the contribution of the inflammatory resolution, or lack 
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thereof, to ASCVD was recently published by Doran [28]. 
SPMs have specific receptors that can promote inflamma-
tion or resolution depending upon the ligand binding to 
them. In addition to these lipid SPMs, there are also non-
lipid cytokines such as IL-10 and pro-resolving gases such 
as nitric oxide that can promote inflammatory resolution.

Cell Death and Clearance

Several types of cell death have been identified, including 
apoptosis, necroptosis, autophagy, pyroptosis, and ferropto-
sis. Under homeostatic conditions, these processes are used 
to remove damaged, infected, or mutated cells. However, 
in the context of ASCVD, loss of control over these pro-
cesses can promote disease [29]. A highly regulated process 
for the clearance of dead cells, termed “efferocytosis,”, is 
another important aspect of inflammatory resolution and 
many studies show that enhancing efferocytosis can reduce 
plaque sizes in mouse models [30]. A new topic of research 
in this area is the contribution of intracellular metabolism 
to efferocytic capacity [31••].

Trained Immunity and Metabolic Intermediates

A burgeoning area of research involves understanding how 
metabolic reprogramming of immune cells in the atheroscle-
rotic environment can contribute to plaque reduction. For 
example, clearance of dead cells results in the upregulation 
of oxidative phosphorylation, glucose uptake, and aerobic 
glycolysis, with a corresponding change in metabolic inter-
mediates. In recent studies, deletion of the glycolytic enzyme 
pyruvate kinase muscle 2 in myeloid cells enhanced effero-
cytosis, resulting in decreased ASCVD [32•]. In contrast, 
deletion of aldehyde dehydrogenase 2 in the hematopoietic 
compartment impaired efferocytosis, resulting in increased 
plaque formation [33]. These changes in metabolic interme-
diates can lead to epigenetic modifications that result in a 
memory-like response of innate immune cells in a process 
called “trained immunity” or “innate immune memory” 
[34]. With relevance to ASCVD, after Western diet feeding 
of mice, myeloid cells are reprogrammed and retain their 
responses to innate stimuli, even after mice are switched 
back to a chow diet [35]. More recently, hyperglycemia has 
been shown to induce trained immunity in macrophages in 
a glycolysis-dependent mechanism. This training persists, 
and when these cells are transferred into normoglycemic 
hyperlipidemic mice, ASCVD is increased [36•].

Adaptive Immunity

Cells of the innate immune system, such as macrophages, are 
well known to play a key role in atherogenesis. Macrophages 

predominate in the healthy heart, although smaller popula-
tions of monocytes, dendritic cells, mast cells, and T and 
B cells are also present [37]. Within lesions, macrophages 
become lipid-laden foam cells that can lead to inflamma-
tory cytokine production, an unstable lesion, and plaque rup-
ture. Subsequent studies illuminated the role of the adaptive 
immune system, where inflammatory cytotoxic T helper 1 
(TH1) cells and B2 B cells were shown to promote athero-
genesis [38]. Recent studies on regulatory T cells (Tregs) and 
TH2 cells also implicated a role for these immunomodulatory 
cells in protection from lesion formation and progression. 
The protective role of Tregs may be due to their ability to pro-
mote macrophage efferocytosis [39] or other pro-resolving 
plaque remodeling mechanisms [40•].

Other Areas of Research

Other emerging areas of research regarding how inflam-
mation contributes to ASCVD include air and noise pollu-
tion, reduced and/or interrupted sleep, and other stressors 
[28]. These relationships open the door to considering how 
other methods of lifestyle modification could protect against 
ASCVD. In addition, identification of somatic mutations in 
hematopoietic stem cells that increase the development of 
acute leukemia also increases the risk of CVD [41••]. Thus, 
pools of immune cells in organs such as the spleen, lymph 
nodes, and adipose tissue could be considered relevant to 
atherosclerosis.

Non‑ischemic Cardiovascular Disease

In contrast to ASCVD, non-ischemic cardiovascular disease 
is a broad category of conditions with variable involvement 
of the immune system. Much less is known about the con-
tribution of the chronic inflammation of obesity to non-
ischemic cardiovascular disease, and a brief summary of 
the current status of the research follows.

Myocarditis

Myocarditis, or inflammation of the heart, can be infectious 
or sterile and can result in ventricular remodeling, arrhyth-
mias, or heart failure [42, 43]. The immune responses in 
myocarditis vary depending on the cause of the injury. For 
example, adenoviruses and enteroviruses are cardiotropic 
and cause direct myocardial injury by infecting cardiomyo-
cytes; parvovirus B19 is vasculotropic and causes inflamma-
tion in the endothelial cells; coronaviruses including SARS-
CoV2 may cause indirect cytokine-mediated cardiotoxicity 
[44, 45•, 46]; and immune checkpoint inhibitors used for 
cancer treatment cause T cell-mediated injury to unknown, 
presumably self, antigens [47]. Adipose tissue and systemic 
immune changes of obesity may contribute to myocardial 
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injury through soluble mediators that act locally (from epi-
cardial adipose tissue surrounding the myocardium) or at a 
distance (from visceral adipose tissue within the abdomen) 
[48–50].

Conductive Disorders

The role of the immune system in conduction disorders of 
the heart is less understood [25]. There is a higher density  
of cardiac macrophages at the AV node, and macrophages 
are known to form connexin 43 containing gap junctions 
with cardiomyocytes and cells of the conduction sys-
tem, possibly participating in depolarization and repo-
larization in the heart. While conductive disorders can  
occur in inflammatory settings such as sepsis or rheuma-
toid arthritis, and higher levels of circulating inflammatory 
markers are found in individuals with conductive disorders, 
it is unclear if immune dysfunction causally contributes to 
arrhythmias in humans. A recent study found a correlation 
between connexin 43 expression in blood immune cells and 
the inflammatory cytokine IL-6 in humans and demonstrated 
IL-6-induced downregulation of connexin 43 in vitro, poten-
tially pointing to a mechanism [51].

Endocarditis

Endocarditis, or infections of the heart valves, are most often 
a result of abnormalities in the valves combined with circu-
lating pathogens in the blood as is seen in bacteremia. It is 
unclear if resident immune cells at the valves are protective 
against endocarditis [25].

Heart Failure

Heart failure is a common endpoint of many causes of car-
diac injury, including ischemia, myocarditis, valvular dis-
ease, and chronic uncontrolled hypertension. In contrast to 
heart failure with reduced ejection fraction (HFrEF), heart 
failure with preserved ejection fraction (HFpEF) is a het-
erogenous syndrome that is not driven by loss of cardio-
myocytes, is closely associated with the epidemic of obesity 
and metabolic syndrome, and shares cellular and molecu-
lar pathologies with these conditions including increased 
inflammatory responses [52]. In a large, prospective analy-
sis of endomyocardial biopsies in individuals with HFpEF, 
CD68 + monocyte infiltration was increased in individuals 
with HFpEF versus controls [53•]. Others have reported 
increased cardiac T cells and circulating monocytes, as well 
as increased circulating pro-inflammatory markers. Impor-
tantly, approximately 80% of individuals with HFpEF are 
obese, with expansion of the epicardial adipose tissue lining 
the heart that may contribute to the pathogenesis of heart 
failure as recently reviewed [54].

Hypertension

While salt retention and renal dysfunction contribute 
strongly to hypertension, recent work also reveals an 
immune component. One early event contributing to changes 
in renal blood flow and sodium transporter expression is 
an elevation in inflammatory cytokines. In addition, cells 
of both the innate and adaptive immune systems have been 
shown to contribute to hypertension.

Innate Immunity

The innate immune system plays an important role in medi-
ating inflammation that accompanies hypertension. Elevated 
blood pressure leads to increases in damage-associated 
molecular patterns (DAMPs) and pathogen-associated 
molecular patterns (PAMPs), ultimately activating innate 
effector cells. Under hypertensive conditions, macrophage 
colony-stimulating factor causes macrophages to release pro-
inflammatory cytokines and prompts the adaptive immune 
system to respond [55]. Recent work has shown that renal 
tubular epithelial cells of diabetic mice fed a high-fat diet 
release substantial amounts of IL-1β that bind to the IL-1R1 
receptor on macrophages causing them to take on a pro-
inflammatory phenotype. This ultimately drives the produc-
tion of IL-6 stimulating salt-sensitive hypertension [56]. 
CD11c+ dendritic cells are increased in the spleen and kid-
neys of salt-challenged mice and can present antigen to both 
CD4+ and CD8+ T cells [57]. Natural killer cells (NKs) and 
neutrophils are two other cell types of the innate immune 
system that function in response to cardiovascular injury 
resulting from hypertension. NK cells and neutrophils act as 
a primary defense against bacterial infection that can capi-
talize on compromised vasculature [58]. The interaction of 
these cells with adaptive immune cells such as TH1 and TH17 
cells promotes further inflammation and damage.

Adaptive Immunity

Salt sensitivity and insulin resistance share characteris-
tics such as vascular dysfunction and immune activation 
stemming from CD8+ T cell stimulation. Impairment in 
PPARγ function under both of these conditions may link 
insulin resistance and hypertension driving changes in 
the adaptive immune system [59]. In response to high salt 
environments, T cells become pro-inflammatory and travel 
via the circulatory system to the brain, heart, and kidneys 
[60]. These T cells produce pro-inflammatory cytokines 
damaging organ tissue leading to cardiac, renal, and neu-
rodegenerative damage. Patients with hypertension display 
an increase in CD8+ T cells producing higher levels of 
perforin and granzyme B. These CD8+ T cells have been 
described as immunosenescent due to repeated antigen 
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stimulation [60]. B cells are also increased under hyper-
tensive conditions and drive an accumulation of IgG in the 
aortic adventitia [61].

Sex Differences

An expanding area of interest in the contribution of the 
immune system to hypertension involves differences by 
gender. Premenopausal women are protected from hyper-
tension compared with young men; however, after meno-
pause, women are at increased risk of developing hyperten-
sion. One explanation for this change is the physiological 
effect of sex hormones on immune cell function. Although 
imperfect, animal models can provide some insight. In a rat 
model of spontaneous hypertension, infusion of the anti-
inflammatory cytokine IL-10 reduced blood pressure in 
male but not female animals [62•]. In a DOCA-salt model, 
inflammatory T cells were equally increased in male and 
female mice; however, the female mice had increased Tregs 
compared to males [63••]. Furthermore, depletion of Tregs 
only increased blood pressure in females. For a detailed 
discussion of sex difference in hypertension, please see 
these recent review articles [64, 65].

Gut Microbiota

The gut microbiota, consisting of hundreds of species of 
bacteria, contribute to whole animal physiology by metab-
olizing food products and secreting molecules, such as 
short-chain fatty acids, or by synthesizing vitamins, tri-
methylamines, bile acids, and sterols. Many diseases are 
now known to be connected to changes in gut microbiota,  
including  hypertension [66]. In humans, there is a  
positive correlation between Klebsiella spp. and Streptococ-
caceae spp. with blood pressure [67•, 68]. Strikingly, germ-
free mice that receive a fecal transplant from hypertensive 
people have increased blood pressure compared to recipi-
ents from normotensive individuals [69]. Finally, treatment 
of spontaneously hypertensive rats with losartan to reduce 
blood pressure concomitantly improved gut dysbiosis [70], 
suggesting a reciprocal relationship between hypertension 
and changes in gut microbiota.

Impact of Obesity on the Immune Response 
to Infectious Disease

Decades of research implicate obesity in infection out-
comes [71–76]. Adipose tissue-derived adipokines, includ-
ing leptin, adiponectin, resistin, and chemerin, are affected 
by a change from the lean to obese state. Adipokines act 
directly on immune cells and contribute to the chronic 
inflammatory state of obesity [77]. This disrupts immune 

homeostasis and contributes to the differential immune 
responses and outcomes in infected obese hosts [78].

Streptococcal Pneumonia

Streptococcal pneumoniae is the most common cause of 
community-acquired pneumonia and a major cause of mor-
bidity and mortality in the young, elderly, and immune-
compromised individuals [79]. A prospective study includ-
ing 26,429 men from the Health Professionals Follow-up 
Study and 78,062 women from the Nurses Health Study 
showed that a gain in 40 pounds or more from baseline 
was associated with a nearly twofold risk for community-
acquired pneumonia [80•]. Leptin deficient ob/ob mice 
infected with S. pneumonia had a fivefold greater bur-
den of bacteria in their lungs compared to lean controls. 
Though these infected mice recruited a greater number of 
total leukocytes, comprising mostly polymorphonuclear 
cells (PMNs), to their lungs as well as achieved higher lev- 
els of TNF-α, macrophage inflammatory protein 2 and 
prostaglandin E2, they did not clear the bacteria effectively 
[81]. This was partly due to less effective bactericidal kill-
ing by PMNs in obese mice. Treatment of ob/ob mice with 
leptin restored PMN bactericidal function with a lower 
bacterial burden [81]. The effect of leptin on PMNs may 
be mediated by TNF-α [82].

Influenza Virus

Influenza A (H1N1) is a respiratory viral infection with 
a higher prevalence and death rate in obese compared to 
normal-weight individuals [71, 83]. This risk persists even 
in vaccinated individuals with serologic titers that might 
be considered protective [84]. CD4+ and CD8+ T cells 
from the peripheral blood of obese individuals had lower 
expression of markers associated with activation including 
CD69, CD28, and CD40L. Furthermore, ex vivo stimu-
lation of peripheral blood mononuclear cells from obese 
individuals with live H1N1 virus was notable for lower 
expression of IFN-γ and granzyme B compared to normal-
weight individuals [85]. A similar finding was reported in 
animals, whereby diet-induced obese mice infected with 
H1N1 had lower expression of IFN-γ by memory CD8+ T 
cells as compared to lean controls [86, 87].

Lymphocytic Choriomeningitis Virus

In a recent study, lymphocytic choriomeningitis virus 
(LCMV) grew to high titers in the adipose tissue compart-
ment of infected mice. This preceded the recruitment of 
virus-specific CD8+ T cells [88••]. Mice with diet-induced 
obesity had a higher proportion of virus-specific CD8+ T 
cells which, upon viral rechallenge, were strongly activated 
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and led to tissue damage and death. This indicates that worse 
clinical outcomes in obesity related to viral infections such as 
LCMV could be due to collateral damage by virus-specific 
memory T cells in adipose tissue.

Human Immunodeficiency Virus

Individuals infected with human immunodeficiency virus 
(HIV) on long-term antiretroviral therapy have chronic 
systemic inflammation. They have persistently elevated 
C-reactive protein, D-dimer, and IL-6, which are among the 
inflammatory markers that are linked with the development 
of cardiometabolic disease [89–93]. Multiple factors may 
contribute to this persistent inflammation including the virus 
itself, altered microbiome, antiretroviral toxicities, and co-
infections with other pathogens such as cytomegalovirus and 
hepatitis C [89]. Multiple studies have shown that adipose 
tissue is an important HIV viral reservoir [94, 95] and that 
immune changes such as a CD8+ T cell predominance seen 
with obesity [6] are also observed in normal-weight per-
sons with HIV [96•, 97]. Changes in adipose macrophage 
populations in persons with HIV or macaques with simian 
immunodeficiency virus have previously been limited to the 
description of M1 and M2 phenotypes, without clear dif-
ferences from HIV-negative controls [98]. Lipid-associated 
macrophages, on the other hand, are increased in the adipose 
tissue of diabetic persons with HIV and are correlated with 
the adipose tissue CD4+ and CD8+ T effector memory cells 
[99]. These studies highlight that adipose tissue is an impor-
tant HIV reservoir, with immune cells that may contribute to 
systemic inflammation and other comorbidities.

SARS‑CoV2 Virus

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV2) pandemic has provided additional insights on the role 
of adipose tissue as a pathogen reservoir. Obese individuals are 
a high-risk group with increased rates of hospitalization and  
death [100–103]. Obesity-related changes in the immune system  
may contribute to these worse outcomes [72]. This could be 
due to higher SARS-CoV2 titers in obese individuals, partly 
from the upregulation of the functional receptor, angiotensin-
converting enzyme-2, on the adipocytes of obese individuals 
[104], and/or the upregulation of other receptors such as the 
glucose-regulated protein 78 (GRP78) that promote binding of 
SARS-CoV2 [105] and severe infection [106–111].

Conclusions

Obesity and cardiovascular disease are intimately linked 
and often characterized by inflammation and a cluster of 
metabolic complications. In obesity, the immune system 
shifts towards a hyperinflammatory state, contributing to the 

plethora of cardiovascular diseases discussed in this article. 
This heightened inflammatory profile and dysfunctional 
immune state also increase an individual’s susceptibility to 
worsened health outcomes when faced with an infectious 
disease. To date, there are no targeted therapies to specifi-
cally reduce the inflammation of obesity and improve car-
diovascular or infectious outcomes. However, focusing on 
specific immune cell types may be more beneficial in the 
future to combat cardiovascular disease. While many immu-
notherapies have evolved in the past decade, especially in the 
field of oncology, there are still many cellular and molecular 
characteristics of inflammation in obesity that need to be 
defined. Developing therapies specific to tissue and immune 
cell types important in obesity will be critical for manag-
ing long-term cardiovascular and infectious complications 
of this growing global problem. Lifestyle modifications in 
combination with immunosuppressants and immunomodu-
lators may serve as effective strategies to combat and treat 
obesity-associated cardiovascular disease in the future.

Funding  AHH is supported by a Research Career Scientist Award from 
the VA (IK6BX005649), a VA Merit Award (5I01BX002195), and an 
R01 from NIDDK (DK121520). JNG is supported by the Molecular 
Endocrinology Training Program (DK007563). MM is supported on a 
KL2 grant (KL2TR002245).

Compliance with Ethical Standards 

Conflict of Interest  Jamie N. Garcia, Celestine N. Wanjalla, Mona 
Mashayekhi, and Alyssa H. Hasty declare that they have no conflict 
of interest.

Human and Animal Rights and Informed Consent  This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance  
•• Of major importance

	 1.	 Kawai T, Autieri MV, Scalia R. Adipose tissue inflammation 
and metabolic dysfunction in obesity. Am J Physiol Cell Physiol. 
2021;320:C375–91.

	 2.	 Weisberg SP, McCann D, Desai M, et al. Obesity is associated 
with macrophage accumulation in adipose tissue. J Clin Invest. 
2003;112:1796–808.

	 3.	 Xu H, Barnes GT, Yang Q, et al. Chronic inflammation in fat 
plays a crucial role in the development of obesity-related insulin 
resistance. J Clin Invest. 2003;112:1821–30.

	 4.	 Cinti S, Mitchell G, Barbatelli G, et al. Adipocyte death defines 
macrophage localization and function in adipose tissue of obese 
mice and humans. J Lipid Res. 2005;46:2347–55.



	 Current Hypertension Reports

1 3

	 5.	 Satoh N, Shimatsu A, Himeno A, et al. Unbalanced M1/M2 phe-
notype of peripheral blood monocytes in obese diabetic patients: 
effect of pioglitazone. Diabetes Care. 2010;33:e7.

	 6.	 Nishimura S, Manabe I, Nagasaki M, et al. CD8+ effector T 
cells contribute to macrophage recruitment and adipose tissue 
inflammation in obesity. Nat Med. 2009;15:914–20.

	 7.	 Sarvari AK, Van Hauwaert EL, Markussen LK, et al. Plasticity of 
epididymal adipose tissue in response to diet-induced obesity at 
single-nucleus resolution. Cell Metab. 2021;33(437–453):e435.

	 8.	 Hildreth AD, Ma F, Wong YY, et al. Single-cell sequencing of 
human white adipose tissue identifies new cell states in health 
and obesity. Nat Immunol. 2021;22:639–53.

	 9.•	 Weinstock A, Brown EJ, Garabedian ML, et al. Single-cell RNA 
sequencing of visceral adipose tissue leukocytes reveals that 
caloric restriction following obesity promotes the accumulation 
of a distinct macrophage population with features of phagocytic 
cells. Immunometabolism. 2019;1. This article is noteworthy 
as it uses single-cell sequencing to identify unique leukocyte 
populations in obese visceral adipose tissue (vAT) and calori-
cally restricted vAT.

	10.	 Vijay J, Gauthier MF, Biswell RL, et al. Single-cell analysis of 
human adipose tissue identifies depot and disease specific cell 
types. Nat Metab. 2020;2:97–109.

	11.	 Hill DA, Lim HW, Kim YH, et al. Distinct macrophage popula-
tions direct inflammatory versus physiological changes in adi-
pose tissue. Proc Natl Acad Sci U S A. 2018;115:E5096–105.

	12.•	 Jaitin DA, Adlung L, Thaiss CA, et al. Lipid-associated mac-
rophages control metabolic homeostasis in a Trem2-dependent 
manner. Cell. 2019;178(686–698):e614. This article identifies 
a novel population of Trem2+ lipid-associated macrophages 
in obese adipose tissue and suggests a role for Trem2 in meta-
bolic disease.

	13.	 Coats BR, Schoenfelt KQ, Barbosa-Lorenzi VC, et al. Metaboli-
cally activated adipose tissue macrophages perform detrimental 
and beneficial functions during diet-induced obesity. Cell Rep. 
2017;20:3149–61.

	14.	 Sharif O, Brunner JS, Korosec A, Martins R, Jais A, Snijder 
B, Vogel A, Caldera M, Hladik A, Lakovits K, et al. Beneficial 
metabolic effects of TREM2 in obesity are uncoupled from its 
expression on macrophages. Diabetes. 2021;70:2042–57.

	15.	 Winn NC, Wolf EM, Garcia JN, Hasty AH. Exon 2-mediated 
deletion of Trem2 does not worsen metabolic function in diet-
induced obese mice. J Physiol. 2022. Online ahead of print. 
https://​doi.​org/​10.​1113/​JP283​684.

	16.••	Porsche CE, Delproposto JB, Geletka L, et al. Obesity results 
in adipose tissue T cell exhaustion. JCI Insight. 2021;6. This 
study is meaningful because it identifies a novel population 
of adipose tissue T-cells that display an exhausted phenotype 
in both obese mice and diabetic humans.

	17.	 Cho KW, Morris DL, DelProposto JL, et  al. An MHC II-
dependent activation loop between adipose tissue macrophages 
and CD4+ T cells controls obesity-induced inflammation. Cell 
Rep. 2014;9:605–17.

	18.	 McDonnell WJ, Koethe JR, Mallal SA, et al. High CD8 T-cell 
receptor clonality and altered CDR3 properties are associated 
with elevated isolevuglandins in adipose tissue during diet-
induced obesity. Diabetes. 2018;67:2361–76.

	19.•	 Kado T, Nawaz A, Takikawa A, et al. Linkage of CD8(+) T 
cell exhaustion with high-fat diet-induced tumourigenesis. Sci 
Rep. 2019;9:12284. This study shows that tumors of mice 
consuming a high-fat diet are larger and characterized by 
exhausted, PD-1+ CD8+ T cells as compared to their nor-
mal diet fed counterparts.

	20.	 Damouche A, Pourcher G, Pourcher V, et al. High propor-
tion of PD-1-expressing CD4(+) T cells in adipose tissue 

constitutes an immunomodulatory microenvironment that may 
support HIV persistence. Eur J Immunol. 2017;47:2113–23.

	21.••	Cottam MA, Caslin HL, Winn NC, Hasty AH. Multiomics 
reveals persistence of obesity-associated immune cell pheno-
types in adipose tissue during weight loss and weight regain in 
mice. Nat Commun. 2022;13:2950. Using cellular indexing 
of transcriptomes and epitopes by sequencing (CITEseq), 
this study reveals unique immune signatures of weight loss 
and weight cycled mice.

	22.	 Zamarron BF, Mergian TA, Cho KW, et al. Macrophage prolif-
eration sustains adipose tissue inflammation in formerly obese 
mice. Diabetes. 2017;66:392–406.

	23.	 Blaszczak AM, Bernier M, Wright VP, et al. Obesogenic mem-
ory maintains adipose tissue inflammation and insulin resistance. 
Immunometabolism. 2020;2.

	24.	 Libby P, Hansson GK. From focal lipid storage to systemic 
inflammation: JACC Review Topic of the Week. J Am Coll 
Cardiol. 2019;74:1594–607.

	25.	 Swirski FK, Nahrendorf M. Cardioimmunology: the immune 
system in cardiac homeostasis and disease. Nat Rev Immunol. 
2018;18:733–44.

	26.	 Ridker PM, Everett BM, Thuren T, et al. Antiinflammatory 
therapy with canakinumab for atherosclerotic disease. N Engl 
J Med. 2017;377:1119–31.

	27.•	 Nidorf SM, Fiolet ATL, Mosterd A, et al. Colchicine in patients 
with chronic coronary disease. N Engl J Med. 2020;383:1838–
47. This is a study of 5522 patients with chronic coronary 
disease demonstrating that 0.5mg/day of colchicine lowered 
the risk of cardiovascular events in subjects receiving colchi-
cine compared to subjects receiving a placebo.

	28.	 Doran AC. Inflammation resolution: implications for atheroscle-
rosis. Circ Res. 2022;130:130–48.

	29.	 Lin L, Zhang MX, Zhang L, et al. Autophagy, pyroptosis, and 
ferroptosis: new regulatory mechanisms for atherosclerosis. 
Front Cell Dev Biol. 2021;9:809955.

	30.	 Doran AC, Yurdagul A Jr, Tabas I. Efferocytosis in health and 
disease. Nat Rev Immunol. 2020;20:254–67.

	31.••	Yurdagul A Jr, Subramanian M, Wang X, et al. Macrophage 
metabolism of apoptotic cell-derived arginine promotes continual 
efferocytosis and resolution of injury. Cell Metab. 2020;31(518–
533):e510. This study shows that proper resolution of athero-
sclerosis is driven by continual efferocytosis. This process is 
driven by the utilization of arginine or ornithine from apop-
totic cells engulfed by macrophages.

	32.•	 Doddapattar P, Dev R, Ghatge M, et al. Myeloid cell PKM2 
deletion enhances efferocytosis and reduces atherosclerosis. 
Circ Res. 2022;130:1289–305. This study discusses the role 
of PKM2 in atherosclerosis and shows that deletion of PKM2 
reduces atherosclerosis by decreasing inflammation while 
upregulating efferocytosis via upregulation of macrophage 
LRP-1.

	33.	 Zhang J, Zhao X, Guo Y, et al. Macrophage ALDH2 (aldehyde 
dehydrogenase 2) stabilizing Rac2 is required for efferocytosis 
internalization and reduction of atherosclerosis development. Arte-
rioscler Thromb Vasc Biol. 2022:101161ATVBAHA121317204.

	34.	 Netea MG, Joosten LA, Latz E, et al. Trained immunity: a pro-
gram of innate immune memory in health and disease. Science. 
2016;352:aaf1098.

	35.	 Christ A, Gunther P, Lauterbach MAR, et al. Western diet trig-
gers NLRP3-dependent innate immune reprogramming. Cell. 
2018;172(162–175):e114.

	36.•	 Edgar L, Akbar N, Braithwaite AT, et al. Hyperglycemia induces 
trained immunity in macrophages and their precursors and pro-
motes atherosclerosis. Circulation. 2021;144:961–82. This 
study shows that hyperglycemia induces a trained immunity 

https://doi.org/10.1113/JP283684


Current Hypertension Reports	

1 3

phenotype in bone marrow progenitor cells that is also pre-
sent in differentiated macrophages, suggesting a rationale 
for why glucose-lowering medications may be insufficient to 
reduce macrovascular risk in patients with diabetes.

	37.	 Lafuse WP, Wozniak DJ, Rajaram MVS. Role of cardiac mac-
rophages on cardiac inflammation, fibrosis and tissue repair. 
Cells. 2020;10.

	38.	 Srikakulapu P, McNamara CA. B Lymphocytes and adipose tissue 
inflammation. Arterioscler Thromb Vasc Biol. 2020;40:1110–22.

	39.	 Proto JD, Doran AC, Gusarova G, et al. Regulatory T cells pro-
mote macrophage efferocytosis during inflammation resolution. 
Immunity. 2018;49(666–677):e666.

	40.•	 Sharma M, Schlegel MP, Afonso MS, et al. Regulatory T cells 
license macrophage pro-resolving functions during atherosclerosis 
regression. Circ Res. 2020;127:335–53. This study highlights 
the importance of Tregs in atherosclerotic plaque regression 
suggesting that Tregs are critical for reducing inflammation 
and initiating tissue repair within the artery wall.

	41.••	Jaiswal S, Natarajan P, Silver AJ, et al. Clonal hematopoiesis 
and risk of atherosclerotic cardiovascular disease. N Engl J 
Med. 2017;377:111–21. This interesting, burgeoning area of 
research investigates somatic human mutations that lead to 
clonal hematopoiesis of indeterminate potential (CHIP) and 
demonstrates that CHIP strongly contributes to the develop-
ment of atherosclerosis.

	42.	 Tschope C, Ammirati E, Bozkurt B, et al. Myocarditis and 
inflammatory cardiomyopathy: current evidence and future 
directions. Nat Rev Cardiol. 2021;18:169–93.

	43.	 Ammirati E, Frigerio M, Adler ED, et al. Management of acute 
myocarditis and chronic inflammatory cardiomyopathy: an 
expert consensus document. Circ Heart Fail. 2020;13:e007405.

	44.	 Deng Q, Hu B, Zhang Y, et al. Suspected myocardial injury 
in patients with COVID-19: evidence from front-line clinical 
observation in Wuhan. China Int J Cardiol. 2020;311:116–21.

	45.•	 Tavazzi G, Pellegrini C, Maurelli M, et al. Myocardial locali-
zation of coronavirus in COVID-19 cardiogenic shock. Eur J 
Heart Fail. 2020;22:911–5. This is the first case of endomyo-
cardial biopsy-proven localization of viral particles within 
macrophages in the heart of a SARS-CoV2 infected patient.

	46.	 Van Linthout S, Klingel K, Tschope C. SARS-CoV-2-related 
myocarditis-like syndromes Shakespeare’s question: what’s in a 
name? Eur J Heart Fail. 2020;22:922–5.

	47.	 Moslehi J, Lichtman AH, Sharpe AH, et al. Immune checkpoint 
inhibitor-associated myocarditis: manifestations and mecha-
nisms. J Clin Invest. 2021;131.

	48.	 Lasbleiz A, Gaborit B, Soghomonian A, et  al. COVID-19 
and obesity: role of ectopic visceral and epicardial adipose 
tissues in myocardial injury. Front Endocrinol (Lausanne). 
2021;12:726967.

	49.	 Kim IC, Kim JY, Kim HA, Han S. COVID-19-related myocar-
ditis in a 21-year-old female patient. Eur Heart J. 2020;41:1859.

	50.	 Malavazos AE, Goldberger JJ, Iacobellis G. Does epicardial fat 
contribute to COVID-19 myocardial inflammation? Eur Heart 
J. 2020;41:2333.

	51.	 Lazzerini PE, Acampa M, Cupelli M, et al. Unravelling atrio-
ventricular block risk in inflammatory diseases: systemic 
inflammation acutely delays atrioventricular conduction via a 
cytokine-mediated inhibition of connexin43 expression. J Am 
Heart Assoc. 2021;10:e022095.

	52.	 Mishra S, Kass DA. Cellular and molecular pathobiology of 
heart failure with preserved ejection fraction. Nat Rev Cardiol. 
2021;18:400–23.

	53.•	 Hahn VS, Yanek LR, Vaishnav J, et al. Endomyocardial biopsy 
characterization of heart failure with preserved ejection frac-
tion and prevalence of cardiac amyloidosis. JACC Heart Fail. 

2020;8:712–24. This is a large prospective study of myocar-
dial tissue from HFpEF patients showing that HFpEF is 
characterized by mild, but widespread myocardial fibrosis 
and myocyte hypertrophy as well as increased monocyte 
infiltration.

	54.	 Elsanhoury A, Nelki V, Kelle S, et al. Epicardial fat expansion 
in diabetic and obese patients with heart failure and preserved 
ejection fraction-a specific HFpEF phenotype. Front Cardio-
vasc Med. 2021;8:720690.

	55.	 De Ciuceis C, Amiri F, Brassard P, et al. Reduced vascular 
remodeling, endothelial dysfunction, and oxidative stress 
in resistance arteries of angiotensin II-infused macrophage 
colony-stimulating factor-deficient mice: evidence for a role 
in inflammation in angiotensin-induced vascular injury. Arte-
rioscler Thromb Vasc Biol. 2005;25:2106–13.

	56.	 Veiras LC, Bernstein EA, Cao D, et  al. Tubular IL-1beta 
induces salt sensitivity in diabetes by activating renal mac-
rophages. Circ Res. 2022;131:59–73.

	57.	 Caillon A, Paradis P, Schiffrin EL. Role of immune cells in hyperten-
sion. Br J Pharmacol. 2019;176:1818–28.

	58.	 Mian MO, Paradis P, Schiffrin EL. Innate immunity in hyper-
tension. Curr Hypertens Rep. 2014;16:413.

	59.	 Ertuglu LA, Elijovich F, Laffer CL, Kirabo A. Salt-sensitivity  
of blood pressure and insulin resistance. Front Physiol. 2021;12: 
793924.

	60.	 Mikolajczyk TP, Guzik TJ. Adaptive immunity in hypertension. 
Curr Hypertens Rep. 2019;21:68.

	61.	 Chan CT, Sobey CG, Lieu M, et al. Obligatory role for B cells 
in the development of angiotensin II-dependent hypertension. 
Hypertension. 2015;66:1023–33.

	62.•	 Gillis EE, Musall JB, Baban B, Sullivan JC. IL-10 treatment 
decreases blood pressure in male, but not female, spontaneously 
hypertensive rats. Am J Physiol Renal Physiol. 2020;319:F359–
65. This study shows that IL-10 decreases blood pressure in 
a sex-specific manner independent of renal NOS activity and 
the presence of anti-inflammatory Tregs.

	63.••	Belanger KM, Crislip GR, Gillis EE, et al. Greater T regulatory 
cells in females attenuate DOCA-salt-induced increases in blood 
pressure versus males. Hypertension. 2020;75:1615–23. This 
study highlights sex-specific differences in the renal Treg 
population of DOCA-salt male and female rats showing that 
the increase in renal Tregs in female rats protects them from 
DOCA-salt-driven increases in blood pressure.

	64.	 Sylvester MA, Brooks HL. Sex-specific mechanisms in inflam-
mation and hypertension. Curr Hypertens Rep. 2019;21:53.

	65.	 Comeau KD, Shokoples BG, Schiffrin EL. Sex differences in 
the immune system in relation to hypertension and vascular 
disease. Can J Cardiol. 2022.

	66.	 Masenga SK, Hamooya B, Hangoma J, et al. Recent advances 
in modulation of cardiovascular diseases by the gut micro-
biota. J Hum Hypertens. 2022.

	67.•	 Verhaar BJH, Collard D, Prodan A, et  al. Associations 
between gut microbiota, faecal short-chain fatty acids, and 
blood pressure across ethnic groups: the HELIUS study. Eur 
Heart J. 2020;41:4259–67. This large-scale HEalthy Life In 
an Urban Setting (HELIUS) study shows that there is a 
strong association between gut microbiota composition and 
blood pressure; however, there are considerable differences 
across age and ethnic groups.

	68.	 Britton L, Jaskowski L-A, Bridle K, et al. Ferroportin expression 
in adipocytes does not contribute to iron homeostasis or meta-
bolic responses to a high calorie diet. Cell Mol Gastroenterol 
Hepatol. 2018;5:319–31.

	69.	 Li J, Zhao F, Wang Y, et al. Gut microbiota dysbiosis contributes 
to the development of hypertension. Microbiome. 2017;5:14.



	 Current Hypertension Reports

1 3

	70.	 Robles-Vera I, Toral M, de la Visitacion N, et al. Changes to the 
gut microbiota induced by losartan contributes to its antihyper-
tensive effects. Br J Pharmacol. 2020;177:2006–23.

	71.	 Kwong JC, Campitelli MA, Rosella LC. Obesity and respiratory 
hospitalizations during influenza seasons in Ontario, Canada: a 
cohort study. Clin Infect Dis. 2011;53:413–21.

	72.	 Sheridan PA, Paich HA, Handy J, et al. Obesity is associated 
with impaired immune response to influenza vaccination in 
humans. Int J Obes (Lond). 2012;36:1072–7.

	73.	 Falagas ME, Athanasoulia AP, Peppas G, Karageorgopoulos 
DE. Effect of body mass index on the outcome of infections: a 
systematic review. Obes Rev. 2009;10:280–9.

	74.	 Huttunen R, Syrjanen J. Obesity and the risk and outcome of 
infection. Int J Obes (Lond). 2013;37:333–40.

	75.	 Simonnet A, Chetboun M, Poissy J, et al. High prevalence of 
obesity in severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) requiring invasive mechanical ventilation. Obe-
sity (Silver Spring). 2020;28:1195–9.

	76.	 Suleyman G, Fadel RA, Malette KM, et al. Clinical characteris-
tics and morbidity associated with coronavirus disease 2019 in 
a series of patients in metropolitan Detroit. JAMA Netw Open. 
2020;3:e2012270.

	77.	 Taylor EB. The complex role of adipokines in obesity, inflam-
mation, and autoimmunity. Clin Sci (Lond). 2021;135:731–52.

	78.	 Bercault N, Boulain T, Kuteifan K, et al. Obesity-related excess 
mortality rate in an adult intensive care unit: a risk-adjusted 
matched cohort study. Crit Care Med. 2004;32:998–1003.

	79.	 Rudan I, O’Brien KL, Nair H, et al. Epidemiology and etiology 
of childhood pneumonia in 2010: estimates of incidence, severe 
morbidity, mortality, underlying risk factors and causative patho-
gens for 192 countries. J Glob Health. 2013;3:010401.

	80.•	 Baik I, Curhan GC, Rimm EB, et al. A prospective study of age 
and lifestyle factors in relation to community-acquired pneumonia 
in US men and women. Arch Intern Med. 2000;160:3082–8. This 
is a prospective study that combined two large cohorts with 
26,429 men and 78,062 women, showing the effects of obesity 
on community-acquired pneumonia in free-living populations.

	81.	 Hsu A, Aronoff DM, Phipps J, et al. Leptin improves pulmonary 
bacterial clearance and survival in ob/ob mice during pneumo-
coccal pneumonia. Clin Exp Immunol. 2007;150:332–9.

	82.	 Zarkesh-Esfahani H, Pockley AG, Wu Z, et al. Leptin indirectly 
activates human neutrophils via induction of TNF-alpha. J 
Immunol. 2004;172:1809–14.

	83.	 Louie JK, Acosta M, Samuel MC, et al. A novel risk factor for 
a novel virus: obesity and 2009 pandemic influenza A (H1N1). 
Clin Infect Dis. 2011;52:301–12.

	84.	 Neidich SD, Green WD, Rebeles J, et al. Increased risk of influ-
enza among vaccinated adults who are obese. Int J Obes (Lond). 
2017;41:1324–30.

	85.	 Paich HA, Sheridan PA, Handy J, et al. Overweight and obese 
adult humans have a defective cellular immune response to 
pandemic H1N1 influenza A virus. Obesity (Silver Spring). 
2013;21:2377–86.

	86.	 Karlsson EA, Sheridan PA, Beck MA. Diet-induced obesity 
in mice reduces the maintenance of influenza-specific CD8+ 
memory T cells. J Nutr. 2010;140:1691–7.

	87.	 Karlsson EA, Sheridan PA, Beck MA. Diet-induced obesity 
impairs the T cell memory response to influenza virus infec-
tion. J Immunol. 2010;184:3127–33.

	88.••	Misumi I, Starmer J, Uchimura T, et al. Obesity expands a dis-
tinct population of T cells in adipose tissue and increases vulner-
ability to infection. Cell Rep. 2019;27(514–524): e515. This is 
an important study in mice that offers a potential mechanism 
by which adipose tissue memory CD4 and CD8 T cells may 
cause severe pathology upon rechallenge with virus in obese 
hosts and prevented by T cell depletion.

	89.	 Hsue PY, Waters DD. HIV infection and coronary heart 
disease: mechanisms and management. Nat Rev Cardiol. 
2019;16:745–59.

	90.	 Armah KA, McGinnis K, Baker J, et  al. HIV status, bur-
den of comorbid disease, and biomarkers of inflammation, 
altered coagulation, and monocyte activation. Clin Infect Dis. 
2012;55:126–36.

	91.	 Freiberg MS, Bebu I, Tracy R, et al. D-Dimer levels before HIV 
seroconversion remain elevated even after viral suppression and 
are associated with an increased risk of non-AIDS events. PLoS 
ONE. 2016;11:e0152588.

	92.	 Béténé A, Dooko C, De Wit S, Neuhaus J, et al. Interleukin-6, 
high sensitivity C-reactive protein, and the development of type 
2 diabetes among HIV-positive patients taking antiretroviral 
therapy. J Acquir Immune Defic Syndr. 2014;67:538–46.

	93.	 Borges Á, O’Connor JL, Phillips AN, et al. Interleukin 6 is 
a stronger predictor of clinical events than high-sensitivity 
C-reactive protein or D-dimer during HIV infection. J Infect 
Dis. 2016;214:408–16.

	94.	 Damouche A, Lazure T, Avettand-Fenoel V, et  al. Adipose 
tissue is a neglected viral reservoir and an inflammatory 
site during chronic HIV and SIV infection. PLoS Pathog. 
2015;11:e1005153.

	95.	 Wanjalla CN, McDonnell WJ, Ram R, et al. Single-cell analysis 
shows that adipose tissue of persons with both HIV and diabetes 
is enriched for clonal, cytotoxic, and CMV-specific CD4+ T 
cells. Cell Rep Med. 2021;2:100205.

	96.•	 Couturier J, Suliburk JW, Brown JM, et al. Human adipose tis-
sue as a reservoir for memory CD4+ T cells and HIV. AIDS. 
2015;29:667–74. This study showed that adipose tissue is an 
important reservoir for HIV in persons with HIV on antiret-
roviral therapy.

	97.	 Koethe JR, McDonnell W, Kennedy A, et al. Adipose tissue is 
enriched for activated and late-differentiated CD8+ T cells and 
shows distinct CD8+ receptor usage, compared with blood in HIV-
infected persons. J Acquir Immune Defic Syndr. 2018;77:e14–21.

	98.	 Wanjalla CN, McDonnell WJ, Koethe JR. Adipose tissue T cells 
in HIV/SIV infection. Front Immunol. 2018;9:2730.

	99.	 Bailin S, Kropski JA, Gangula R, Hannah LT, Simmons JD,  
Mashayekhi M, Ye F, Fan R, Chopra A, Ram R, Mallal SA, Warren  
CM, Kalams SA, Gabriel CL, Wanjalla CN, Koethe JR. A sin-
gle-cell molecular atlas of white adipose tissue shows differences 
in myeloid and lympoid cell polarization in type 2 diabetes and 
HIV infection. Available at SSRN: https://​ssrn.​com/​abstr​act=​
40971​22 or http://​dx.​doi.​org/​10.​2139/​ssrn.​40971​22.

	100.	 Popkin BM, Du S, Green WD, et al. Individuals with obesity 
and COVID-19: a global perspective on the epidemiology and 
biological relationships. Obes Rev. 2020;21:e13128.

	101.	 Palaiodimos L, Kokkinidis DG, Li W, et al. Severe obesity, increas-
ing age and male sex are independently associated with worse in-
hospital outcomes, and higher in-hospital mortality, in a cohort 
of patients with COVID-19 in the Bronx. New York Metabolism. 
2020;108:154262.

	102.	 Gao F, Zheng KI, Wang XB, et al. Obesity is a risk factor for 
greater COVID-19 severity. Diabetes Care. 2020;43:e72–4.

	103.	 Caussy C, Wallet F, Laville M, Disse E. Obesity is associ-
ated with severe forms of COVID-19. Obesity (Silver Spring). 
2020;28:1175.

	104.	 Kruglikov IL, Scherer PE. The role of adipocytes and adipocyte-
like cells in the severity of COVID-19 infections. Obesity (Silver 
Spring). 2020;28:1187–90.

	105.	 Shin J, Toyoda S, Nishitani S, et al. Possible involvement of adi-
pose tissue in patients with older age, obesity, and diabetes With 
SARS-CoV-2 Infection (COVID-19) via GRP78 (BIP/HSPA5): 
Significance of hyperinsulinemia management in COVID-19. 
Diabetes. 2021;70:2745–55.

https://ssrn.com/abstract=4097122
https://ssrn.com/abstract=4097122
http://dx.doi.org/10.2139/ssrn.4097122


Current Hypertension Reports	

1 3

	106.	 Zhou F, Yu T, Du R, et al. Clinical course and risk factors for 
mortality of adult inpatients with COVID-19 in Wuhan, China: 
a retrospective cohort study. Lancet. 2020;395:1054–62.

	107.	 Chen T, Wu D, Chen H, et al. Clinical characteristics of 113 
deceased patients with coronavirus disease 2019: retrospective 
study. BMJ. 2020;368:m1091.

	108.	 Qin C, Zhou L, Hu Z, et al. Dysregulation of immune response 
in patients with coronavirus 2019 (COVID-19) in Wuhan, China. 
Clin Infect Dis. 2020;71:762–8.

	109.	 Tan L, Wang Q, Zhang D, et al. Lymphopenia predicts disease 
severity of COVID-19: a descriptive and predictive study. Signal 
Transduct Target Ther. 2020;5:33.

	110.	 Wang F, Nie J, Wang H, et al. Characteristics of peripheral lym-
phocyte subset alteration in COVID-19 pneumonia. J Infect Dis. 
2020;221:1762–9.

	111.	 Azkur AK, Akdis M, Azkur D, et al. Immune response to SARS-
CoV-2 and mechanisms of immunopathological changes in 
COVID-19. Allergy. 2020;75:1564–81.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.


	Immune Cell Activation in Obesity and Cardiovascular Disease
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Adipose Tissue Inflammation in Obesity
	Single-Cell Techniques Reveal Novel Immune Populations
	T Cell Clonality
	T Cell Exhaustion
	Effect of Weight Loss on Immune Cell Populations in Adipose Tissue

	Inflammation in Cardiovascular Disease
	Atherosclerotic Cardiovascular Disease
	Inflammatory Resolution
	Cell Death and Clearance
	Trained Immunity and Metabolic Intermediates
	Adaptive Immunity
	Other Areas of Research

	Non-ischemic Cardiovascular Disease
	Myocarditis
	Conductive Disorders
	Endocarditis
	Heart Failure

	Hypertension
	Innate Immunity
	Adaptive Immunity
	Sex Differences
	Gut Microbiota


	Impact of Obesity on the Immune Response to Infectious Disease
	Streptococcal Pneumonia
	Influenza Virus
	Lymphocytic Choriomeningitis Virus
	Human Immunodeficiency Virus
	SARS-CoV2 Virus

	Conclusions
	References


