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Both age and obesity are leading risk factors for severe coronavirus disease 2019 (COVID-
19), which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
Specifically, although most infections occur in individuals under the age of 55 years, 95%
of hospitalizations, admissions to the intensive care unit, and deaths occur in those over
the age of 55 years. Moreover, hospitalized COVID-19 patients have a higher prevalence
of obesity. It is generally believed that chronic low-grade inflammation and dysregulated
innate and adaptive immune responses that are associated with aging and obesity are
responsible for this elevated risk of severe disease. However, the impact of advanced age
and obesity on the host response to SARS-CoV-2 infection remains poorly defined. In this
study, we assessed changes in the concentration of soluble immune mediators, IgG
antibody titers, frequency of circulating immune cells, and cytokine responses to mitogen
stimulation as a function of BMI and age. We detected significant negative correlations
between BMI and myeloid immune cell subsets that were more pronounced in aged
patients. Similarly, inflammatory cytokine production by monocytes was also negatively
correlated with BMI in aged patients. These data suggest that the BMI-dependent impact
on host response to SARS-CoV-2 is more pronounced on innate responses of
aged patients.

Keywords: obesity, aging, SARS-CoV-2, COVID-19, innate immunity, monocytes, cytokines
INTRODUCTION

The global pandemic of coronavirus diseases (COVID-19) caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) continues to have a significant impact on human health
and daily life activities (1). As of August 2021, there were almost 37 million infections and over
600,000 deaths due to SARS-COV-2 in the United States alone (2). Most infected individuals (40-
80%) experience an asymptomatic or mild disease (3, 4) with the remaining 20% of cases requiring
medical attention or hospitalization are over-represented by elderly patients (>60 years) and those
with pre-existing comorbidities, notably obesity, diabetes, and cardiovascular diseases (5–19).
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Indeed, obese individuals are reported to be 46% more likely to
contract SARS-CoV-2 infection, 100% more likely to be
hospitalized upon infection, and 48% more likely to succumb
to infection due to severe COVID-19 compared to non-obese
individuals (20). On the other hand, case fatality rate increases
progressively with age with 15.4% of the deaths occurring in
those 50-64 years of age, 21.4% in those 65-75 years of age and
30.7% in those over 85 years of age (21). Studies have also
reported that individuals over the age of 65 years are reported to
be 60% more likely to be hospitalized upon infection and 95%
more likely to succumb to infection than patients younger than
40 years of age (22). Patients with severe COVID-19 present with
respiratory failure, dyspnea, pneumonia, acute respiratory
distress syndrome (ARDS), and long-term complications that
can culminate in death (20, 23–26).

Obesity is associated with chronic low-grade inflammation
(27), high leptin and C-reactive protein (CRP) (28), and altered
immune responses (29). Indeed, dysregulated immune responses
to various pathogens is well-documented in obese individuals,
including an exacerbated TNF-a and IL-6 response that is
accompanied by suppressed T-cell responses to bacterial and
viral infections (30, 31). Obesity is associated with reduced
immune response to influenza infection and vaccination (32)
as well as disruptions of lymphoid tissue integrity in addition to
alterations in leukocyte development, phenotypes and functions
(33). However, the mechanisms that fully elucidate how obesity
exacerbates COVID-19 remain elusive. Angiotensin-converting
enzyme 2 (ACE2), a cellular receptor for SARS-CoV-2 is highly
expressed in adipose tissue, which could potentially explain the
increased susceptibility of obese individuals to SARS-CoV-2
infection (34–36). Obesity in the elderly population is
extremely underestimated since body fat accumulates in
parallel with the muscle mass decline and vertebral
compression which results in the reduction of height, a
phenomenon known as sarcopenic obesity (37). Age-related
changes in soluble immune mediators, and both innate and
adaptive immune responses are known to influence susceptibility
to infections, disease progression and clinical outcomes as well as
response to therapeutics and vaccines (38, 39). Nonetheless, age-
related immune changes associated with greater severity, and
adverse outcomes of COVID-19 in obese young and aged
patients remain relatively unknown.

Numerous studies have reported complex immune
dysregulation with severe COVID-19 in both young and aged
patients. One of the hallmarks is a cytokine storm characterized
by high blood concentration of pro-inflammatory cytokines such
as IL-6, IL-1b and TNF-a, as well as chemokines such monocytes
chemoattractant protein-1 (MCP-1) and interferon-inducible
protein 1- (IP-10) (40–42). Moreover, several changes in
antigen presenting cells (APCs) have been described including
a pronounced decrease of HLA-DR expression on monocytes
and dendritic cells (DC) (43, 44); a decrease in the frequency of
total DC (45); and an increase in non-classical monocytes (45,
46) compared to patients with mild disease and healthy controls.
Some studies (45) reported no changes in the number of B cells
and NK cells while others described a drastic decrease in all
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major lymphocyte subsets (CD4+ T cells, CD8+ T cells, NK cells
and B cells) in severe COVID-19 cases compared to mild cases
(40). Other studies reported that patients with high BMI
generally have a higher frequency of regulatory immune cells
compared to pro-inflammatory cells in the blood (47). However,
there is a paucity of studies examining the impact and interaction
of obesity and age on innate and adaptive immune responses in
severe COVID-19. Therefore, we investigated the impact of BMI
on immune pathogenesis of COVID-19 in young and aged
hospitalized patients with severe COVID-19.
RESULTS

BMI Associated Aberrant Innate Immune
Responses Are Marked on Aged
COVID-19 Patients
To investigate the impact of BMI on pathogenesis of COVID-19
in young (<60 years of age) and aged (>60 years of age)
hospitalized patients, we performed phenotypic and functional
assays using blood samples from 39 young and 48 aged patients
who were classified based on body mass index (BMI) into lean
(BMI ≤ 24.9 kg/m2), overweight (25-29.9 kg/m2) and obese (≥30
kg/m2) (Figure 1A). Additional patient characteristics are shown
in Supplementary Table 1. First, we measured the levels of
circulating soluble immune mediators using Luminex assay.
There was a significant increase in the concentration of
RANTES [CCL5, a chemoattractant for memory T cells and
monocytes (48)] in COVID-19 patients compared to healthy
donors. We also observed a significant increase in the
concentration of the monocyte chemoattractant protein-1
(MCP-1) and epidermal growth factor [EGF, which plays a key
role in host response to coronaviruses and is implicated in lung
disease induced by highly pathogenic respiratory viruses (49)] in
young COVID-19 patients only whereas a trend towards high
concentration of EGF was observed in aged patients (p=0.0848)
(Supplementary Figure 1A). Stratifying these analyses by BMI
in each group showed a significantly high concentration of
RANTES in overweight and obese aged patients while MCP-1
was significantly lower in overweight young and obese aged
patients compared to their lean and overweight counterparts
(Supplementary Figure 1B). To assess the effect of obesity on
systemic inflammation, we performed a linear regression analysis
of the concentration of circulating soluble immune mediators
(cytokines, chemokines, and growth factors) with patient BMI in
young and aged patients (Supplementary Table 2). BMI
negatively and positively correlated with IL-10 (anti-
inflammatory cytokine) and EGF levels, respectively, in young
patients (Figure 1B). BMI negatively correlated with TNFa and
IL-1RA (pro-inflammatory and anti-inflammatory mediators
respectively) levels in aged patients (Figure 1B). In contrast,
levels of RANTES (Spearman r = 0.3999; p = 0.0191) positively
correlated with BMI in aged patients. Moreover, modest negative
correlation between BMI and IL1RA (Spearman r = -0.2704; p =
0.1162) and MCP-1 (Spearman r = -0.2759; p = 0.1143) was
observed in young patients (Figure 1B). These results suggest
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that obesity further exacerbates the balance between anti and
pro-inflammatory cytokines especially in aged patients.

We then assessed the association between BMI and the
frequency of circulating dendritic cells (DC) and monocyte
subsets by flow cytometry (Supplementary Figure 1C and
Supplementary Table 3). Previous studies have reported
reduced frequencies of DC subsets but increased frequency of
monocytes in patients with severe COVID-19 (43, 44). The
frequency of total DC (Spearman r = -0.3122; p = 0.012) and
myeloid (m)DCs (Spearman r = -0.2954; p = 0.0169) was
significantly negatively correlated with BMI, while that of
plasmacytoid (p)DCs showed modest negative correlation
(Spearman r = -0.1995; p = 0.1112) in aged patients
(Figure 1C). A modest negative correlation between the
frequency of total monocytes and BMI was observed in young
(Spearman r = -0.2248; p = 0.0959) and aged (Spearman r =
-0.2195; p = 0.0978) patients. Additionally, the expression level
of HLA-DR (defined by mean fluorescence intensity; MFI) on
total (Spearman r = -0.1883; p = 0.1407) and classical monocytes
(Spearman r = -0.2028; p = 0.1268) as well as the MFI of CD86
on mDC (Spearman r = -0.2303; p = 0.082) was also modestly
negatively correlated with BMI in aged patients (Figure 1C).
Although no significant correlation was observed between BMI
and the frequency of natural killer (NK) cells or their subsets,
(Supplementary Figure 1D), the expression level of CD16
(FcgRIII) on NK cells was negatively correlated with BMI in
young patients only (Spearman r = -0.3538; p=0.0060)
(Figure 1D). Collectively, these observations suggest that
disruptions in myeloid cells frequencies and their effector
functions (such as antigen presentation and antibody
dependent cell cytotoxicity) caused by SARS-CoV-2 infection
are further exacerbated by obesity.

Next, we compared expression of markers associated with cell
activation (CD40), maturation (CD16), homing (CXCR6), tissue
recruitment (CD62L), and polarization (CD163) on monocytes
and DC subsets in young and aged COVID-19 patients relative to
healthy donors. Levels of monocytes expressing CD62L and
CD163 in both young and aged COVID-19 patients were
significantly higher compared to healthy donors (Figure 1F).
In line with what we (46) and others (44, 45, 50) had previously
reported, MHC Class II molecule, HLA-DR was significantly
downregulated on total monocytes, mDC, and pDC of both
young and aged patients compared to healthy donors
(Figure 1F). Additionally, CD11b and IFNAR1 expression was
significantly downregulated on mDC and pDC, while CD16
expression was also reduced on mDC in both young and aged
patients compared to healthy donors (Figure 1F). Next, we
determined the correlation between patient BMI and the
frequency of monocytes and DC subsets expressing these
markers using a linear regression analysis (Supplementary
Figure 1E and Supplementary Table 4). Only the frequency of
CD14+CXCR6+ monocytes was positively correlated with BMI
(Spearman r = 0.3027; p=0.0261) in young patients (Figure 1E).
These data are consistent with recent reports of monocytes’
skewing towards regulatory phenotype with SARS-CoV-2
infection (46).
Frontiers in Immunology | www.frontiersin.org 3
Next, we determined the correlation between BMI and the
frequency of myeloid cells (monocytes and DC subsets) secreting
pro-inflammatory cytokines (TNF-a and IL-6) in response to a
bacterial agonists cocktail consisting of Pam3CSK4 (TLR1/2),
FSL-1 (TLR2/6) and LPS (TLR4) (Supplementary Figure 1F and
Supplementary Table 5). The frequency of responding
(secreting both TNF-a and IL-6) total monocytes (Spearman
r = -0.3573; p = 0.0351), and non-classical monocytes (Spearman
r = -0.4692; p = 0.0059) negatively correlated with BMI in young
patients only, whereas that of responding classical monocytes
showed a modest negative correlation (Spearman r = -0.2463; p =
0.1538) (Figure 1G). No significant correlation was observed
between the frequency of responding DC subsets (mDC and
pDC) and BMI in young patients. In contrast, the frequency of
pDC secreting both TNF-a and IL-6 positively correlated
(Spearman r = 0.51; p = 0.0047) with BMI in aged patients
only (Figure 1G). Taken together, these data suggest that the
dysregulation of innate immune response to severe COVID-19 is
more pronounced in obese aged patients.

Differential Effects of BMI on Adaptive
Immunity in Young and Aged Patients
To assess how BMI modulates the adaptive arm of the immune
system, we profiled frequency of lymphocyte subsets including
proliferating lymphocytes, ex vivo T cell responses to anti-CD3/
CD28 stimulation, and Immunoglobulin G (IgG) antibody titers
against SARS-CoV-2. There were no significant correlations with
BMI and frequency of any of the B cell subsets (total, naïve,
marginal-zone-like (MZ-like) and other B cells) in both young
and aged patients (Supplementary Figure 2A and
Supplementary Table 6). However, we observed a modest
positive correlation between the frequency of proliferating
other B cells (Spearman r = 0.2118; p = 0.1014) and BMI in
the aged group (Supplementary Figure 2B and Supplementary
Table 6). Interestingly, obese young patients had significantly
higher IgG titers against SARS-CoV-2 nucleoprotein (NP)
compared to young lean patients; but no other differences in
SARS-CoV-2-specific IgG endpoint titers between lean,
overweight and obese patients in both young and aged patient
groups were observed (Supplementary Figure 2C). In young
patients, the end-point titers of IgG against SARS-CoV-2
nucleoprotein (NP) positively correlated with BMI (Spearman
r = 0.4315; p = 0.0108) (Figure 2A), whereas no association was
observed for RBD IgG titers (Supplementary Figure 2D and
Supplementary Table 7) in both young and aged patients. These
data suggest that antibody responses against NP may be an
indicative of disease severity.

No significant correlation between BMI and frequency of
CD4+ and CD8+ T cell subsets in either young or aged patients
were observed except for a positive association between
frequency of CD8+ central memory (CD8+ TCM) and BMI
(Spearman r = 0.2445; p = 0.0776) in young patients (Figure 2B,
Supplementary Figure 2E and Supplementary Table 6).
Additionally, the frequency of proliferating CD4+ TCM
positively correlated with BMI (Spearman r = 0.3158; p =
0.0132) in aged patients (Supplementary Figure 2F).
October 2021 | Volume 12 | Article 760288

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zulu et al. Obesity, SARS-CoV-2, COVID-19, Corticosteroids, Sarcopenia
Finally, we also measured the frequency of CD4+ and CD8+ T
cells that secreted various cytokines in response to anti-CD3/
CD28 stimulation (Supplementary Figure 2G, Supplementary
Table 8). Linear regression analyses revealed a significant
negative correlation of the frequency of CD8+ T cells secreting
IFN-g (Spearman r = -0.6182; p = 0.0478) while that of CD8+ T
cells secreting TNF-a showed a modest negative correlation
(Spearman r = 0.4229; p = 0.0917) with BMI in young patients
only (Figure 2C). These observations suggest that obesity is
associated with a dysregulated production of antiviral cytokines
by T cells.
DISCUSSION

Age, obesity and associated co-morbidities are considered crucial
predictors of adverse COVID-19 outcomes (51–53). Severe
COVID-19 in the elderly population is associated with higher
rates of acute respiratory distress syndrome (ARDS),
lymphopenia, and cardiovascular complications (54–56).
Recent studies reported higher odds ratio of severe pneumonia
due to obesity in men, older adults, and those with diabetes (57);
a high prevalence of obesity in severe COVID-19 cases that
required invasive mechanical ventilation (IMV) (58) and that the
need for IMV significantly correlated with male sex and BMI,
independent of age, diabetes and hypertension (59). However,
the immune mechanisms associated with increased susceptibility
to severe COVID-19 in aged patients and those with obesity are
yet fully elucidated.

Here, we investigated BMI-associated changes in various
immune parameters in young (<60 years of age) and aged (>60
years of age) hospitalized patients. Our analysis of circulating
immune mediators did not reveal the cytokine storm that has
been widely reported as a hallmark of severe COVID-19 (42, 60–
62). This difference could be due to the introduction of
corticosteroids as standard of care for COVID-19 patients
which has been shown to dampen the cytokine storm
associated with severe disease (63–65). Despite the dampened
systemic inflammatory response, and as reported previously (46,
66), we observed a high concentration of RANTES/CCL5, a
chemokine that binds CC chemokine receptor 5 (CCR5) to
regulate trafficking and effector functions of memory and
effector T cells and macrophages (67) that was more
pronounced in aged COVID-19 patients. This observation is in
line with previous studies that reported a 3-5-fold increase in
RANTES/in mild/moderate patients and >100-fold in critical
ones (68). Disruption of the CCL5/RANTES-CCR5 pathways
was recently shown to restore immune homeostasis and reduce
plasma viral load in COVID-19 critical patients (68, 69). Our
analysis further revealed a significant positive correlation
between BMI and RANTES/CCL5 in aged patients only.
Therefore, these data suggest that RANTES/CCL5 may be
driven by BMI and that the use of corticosteroids which
became standard of care before our study samples were
collected may not fully disrupt the production of RANTES/
CCL5-especially in aged patients. Our analyses also revealed a
Frontiers in Immunology | www.frontiersin.org 4
negative correlation of the concentration of the pro-
inflammatory cytokines MCP-1/CCL2 concentration which has
been associated with disease severity (66, 70, 71); was
significantly higher only in aged patients. Additionally, levels
of EGF were increased in COVID-19 patients, especially aged
patients, compared to healthy donors and positively correlated
with BMI in young COVID-19 patients. Growth factors are
involved in the process of viral infection (72) and EGF was
shown to increase the incidence of fibrosis following SARS-
infection (49). Interestingly, levels of anti-inflammatory factors
IL-10 and IL-1RA were modestly negatively correlated with BMI
in young patients, which could lead to increased levels of
systemic inflammation. Overall, our data suggest that immune
modulators may be less effective in combating the inflammatory
immune response associated with severe COVID-19 the elderly
population with high BMI.

We also observed that frequency of DC and monocytes were
negatively correlated with BMI in aged COVID-19 patients.
Monocytes, mDC and pDC are critical for antiviral immune
responses (73, 74). Defects in frequency, phenotype, and
function of these cells have been previously reported in severe
COVID-19 patients (44, 46, 50, 75, 76). Moreover, we and others
have also reported a decrease in the expression of HLA-DR and
CD86 on various subsets of monocytes and DC, which could
further impact their ability to initiate T cell responses (43, 44,
46). Interestingly, the frequency of total and non-classical
monocytes that expressed inflammatory cytokines, tumor
necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) in
response to bacterial agonists negatively correlated with BMI
in young patients whereas in aged patients. We recently reported
decreased responses by monocytes and DC from CVID-19
patients to bacterial ligands (46). A further reduction with BMI
could signal increased susceptibility to bacterial secondary
infections which have been reported as a stronger predictor for
death than influenza amongst severe COVID-19 patients (77).

In contrast, the frequency of plasmacytoid dendritic cells
(pDC) that expressed both TNF-a and IL-6 positively
correlated with BMI in aged patients only. pDC are specialized
cells of the innate immune system known for their natural ability
to produce type I interferons (78) and sensing viral RNA and
DNA via toll-like receptor-7 (TLR-7) and TLR-9 (79). Therefore,
our data suggests that there is an increased activation of pDC due
to SARS-CoV-2 infection leading to a robust type I IFN-
dependent immunity against secondary infection (i.e., bacterial
infection) that may further exacerbate the cytokine storm leading
to adverse disease outcomes in aged patients (80). We also report
that the expression level of CD16 (FcgRIII) on NK cells is
negatively correlated with BMI in young patients only. The
downregulation of FcgRIII on peripheral blood NK cells has
been previously reported as a virus-induced NK cell-mediated
immunity evasion strategy of HIV infection (81). This
mechanism has also been implicated in SARS-CoV-2 infection
(82). FcgRIII is crucial for antibody-dependent cellular
cytotoxicity (83), therefore, our data suggest that functional
NK cells decrease as a function of BMI in young COVID-
19 patients.
October 2021 | Volume 12 | Article 760288
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FIGURE 1 | Body mass index (BMI)-dependent aberrations in soluble immune mediators and innate immunity in young and aged COVID-19 patients. (A) Experim
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young and aged patients. (C) Linear regression analysis of the frequency of dendritic cell (DC) and monocyte subsets, expression of MHC class II molecule HLA-D
BMI in young and aged hospitalized COVID-19 patients. (D) Linear regression analysis of the expression of CD16 (FcgRIII) on total CD56+ Natural killer (NK) cells
(E) Linear regression analysis of the frequency of CD14+CXCR6+ monocytes with patient BMI in young and aged groups. (F) Differences in the phenotype of mon
COVID-19 patients compared to healthy donors. (G) Linear regression analysis of the dual expression of pro-inflammatory cytokines (IL-6 and TNF-a) by monocy
stimulation with bacterial agonists (Pam3CSK4, LPS, and FSL-I) with patient BMI. #p < 0.12, *p < 0.05, **p < 0.01, ***p < 001 and ****p < 0001.
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Monocytes and dendritic cells are mononuclear phagocytes
(MNPs) in peripheral blood that are critical mediators of innate
and adaptive immune responses during viral infection (84).
Dysregulation of these cells is associated with COVID-19
severity (85). We report an increased frequency of monocytes
expressing CD62L and CD163 in the blood from both young and
aged COVID-19 patients. CD62L expression is associated with
the recruitment of monocytes to tissue from blood during
inflammation (86) while CD163, is a monocyte/macrophage
scavenger-receptor and a marker of monocyte/macrophage
activation (87). Therefore, these data suggest that the
recruitment and activation of monocytes from blood to the
upper respiratory tract during SARS-CoV-2 infection may not
be affected by age. However, we also noted that the frequency of
monocytes expressing lung homing marker, CXCR6 (88, 89)
positively correlated with BMI in young patients while a trend
towards negative correlation was observed in aged patients.
Collectively, these data suggest an age-dependent differential
effect of BMI on immune cell activation and recruitment
during SARS-CoV-2 infection.

SARS-CoV-2 infection elicits robust humoral immunity (90).
However, the effect of obesity and age on its durability remains
ill-defined. We report a significant positive correlation between
end-point titers of IgG against SARS-CoV-2 nucleoprotein (NP)
in young patients only, whereas no significant correlation was
observed for RBD IgG in both young and aged patients. Indeed,
SARS-CoV-2 antibody responses were recently reported to
correlate with disease severity (91). Interestingly, obesity has
been reported to impair humoral immunity through the
suppression of B cell development and antibody production in
vaccine studies (92). We also report a significant positive
correlation between the frequency of central memory CD8+ T
cells (CD8+ TCM) and BMI in young patients only; and
increased proliferation of central memory CD4+ T cells (CD4+
Frontiers in Immunology | www.frontiersin.org 6
TCM) in aged patients only, these differences may be
independent of COVID-19 since obesity has been reported to
greatly increase memory T cell frequencies (93). In response to
CD3/CD28 stimulation, the secretion of TNF-a by CD8+ T cells
trended towards positive correlation with BMI while IFN-g
secretion by CD8+ T cells significantly negatively correlated
with BMI in young patients, suggesting an impairment of CD8
+ T cells antiviral with obesity.

In summary, we assessed correlations between patient BMI
and the concentration of immune mediators, humoral immunity
and the phenotype and function of immune cells to determine
the effect of obesity on the molecular pathogenesis of severe
COVID-19 in the peripheral blood of young and aged
hospitalized patients receiving corticosteroids treatment. We
report that obesity correlates with aberrant innate immune
responses that is more pronounced in aged patients. One of
the major limitations of the study is the lack of careful
measurements of adiposity in the elderly. Additionally, we did
not have access to information pertaining to the treatments the
patients received during their hospital stay. Future studies should
address the impact of age and obesity on efficacy and durability
of immune responses to COVID-19 vaccines.
MATERIALS AND METHODS

Study Participants and Experimental
Design
This study was approved by University of California Irvine
Institutional Review Board (HS# 2012-8716). Remnant blood
samples from a total of 39 young (11 lean, 12 overweight and 16
obese) and 48 aged (15 lean, 28 overweight and 5 obese)
COVID19 patients admitted to the University of California
Irvine Medical Center (UCIMC) were obtained through the
A CB

FIGURE 2 | BMI-dependent alterations of adaptive immunity in young and aged COVID-19 patients. (A) Linear regression analysis of IgG end-point titers against
nucleocapsid protein (NP) with BMI in young and aged hospitalized COVID-19 patients. (B) Linear regression analysis of the frequency of CD4+ and CD8+ T cell
subsets with BMI in young and aged hospitalized COVID-19 patients. (C) Linear regression analysis of the frequency of cytokine producing CD4+ and CD8+ T cells
in response to ex vivo anti-CD3/CD28 stimulation with BMI in young and aged hospitalized COVID-19 patients. #p < 0.12, *p < 0.05, **p < 0.01, ***p < 001 and
****p < 0001.
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COVID-19 biospecimen bank between January and March 2021.
Samples were stratified by age (<60 categorized as young and ≥
60 categorized as aged) and BMI (≤ 24.9 categorized as lean; 25-
29.9 categorized as overweight, and > 29.9 categorized as obese).

Plasma and Peripheral Blood Mononuclear
(PBMC) Isolation
Peripheral blood mononuclear cells (PBMCs) and blood plasma
samples were isolated after whole blood centrifugation 1200 g for
10 minutes at room temperature in SepMate tubes (STEMCELL
Technologies). Blood plasma was stored at -800C until analysis.
PBMC were cryopreserved using 10% DMSO/FBS and Mr.
Frosty Freezing containers (Thermo Fisher Scientific) at -80C
then transferred to a cryogenic tube and stored in liquid nitrogen
until analysis.

Luminex
Immune mediators such as cytokines including, IFN-a2, IFN-g,
TNF-a, IL-1a, IL-1b, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-
10, IL-12 (p40), IL-12(p70), IL-13, IL15, and IL-17A;
chemokines such IP-10, MCP-1, Eotaxin/CCL11, MIP-1a,
MIP-1b; and growth factors such G-CSF,EGF and VEGF were
measured using the Human Cytokine/Chemokine Magnetic
Bead Panel (HCYTMAG-60K-PX29) (MilliporeSigma, MA,
USA). Plasma samples were thawed and diluted per
manufacturer’s instructions and run-in duplicates on the
Magpix instrument (Luminex, Austin, TX). Data were fit using
a 5P-logistic regression on xPONENT software (version 7.0c).

Antibody ELISA
Clear 96-well, high-binding polystyrene ELISA plates were
coated with 100uL/well of 500 ng/mL SARS-CoV-2 Spike-
protein (S) (GenScrip) or 1 mg/mL SARS-CoV-2 Nucleocapsid
Protein (NP) (GenScrip) in PBMS overnight at 4C. Plates were
brought to RT, unbound antigen removed by flicking and
blocked by adding 200uL/well of blocking buffer for 1h at RT.
Heat inactivated plasma (1:50 in blocking buffer) was added to
the well and incubated for 90 minutes at RT. Responses were
visualized by adding HRP-anti-human IgG (BD Pharmingen) to
the wells. Reaction was visualized using o-Phenylenediamine
dihydrochloride (ThermoFischer Scientific) diluted with
hydrogen peroxide (H2O2). Reaction was stopped with 50uL/
well of 1M HCL. ODs were read at 490nm on a Victor3™

Multilabel plate reader (Perkin Elmer).

Peripheral Blood Immune Cell
Phenotyping
Frozen PBMCs were thawed, washed, and counted before staining
with Ghost Dye viability dye (TONBO biosciences) to delineate
between live and dead cells. We then proceeded to staining for
surface markers, permeabilized, fixed and then stained
intracellularly using the Foxp3/Transcription Factor Staining
Buffer Kit (TONBO biosciences) as per manufacturer’s
instruction. We measured changes in the frequency and
activation of circulating innate immune cells using the following
set of antibodies: CD3 (SP34, BD Pharmingen) and CD20 (2H7,
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Biolegend) for the exclusion of T & B lymphocytes, respectively.
We further stained for CD56 (BV711, Biolegend), CD57 (HNK-1,
Biolegend), KLRG1 (SA231A2, Biolegend) CD16 (3G8,
B i o l e g end ) , CD14 (M5E2 , B i o l e g end ) , HLA-DR
(L243, Biolegend), CD11c (3.9, ThermoFisher Scientific), CD123
(6H6, Biolegend) and CD86 (IT2.2, Biolegend) to detect changes
in the peripheral blood frequency and activation of Natural Killer
(NK) cells, Monocytes, myeloid (mDCs) and plasmacytoid
dendritic cells (pDCs). To measure changes in the frequency
and proliferation of adaptive immune cells, we used the
following set of antibodies: CD4 (OKT4, Biolegend), CD8b
(2ST8.5H7, Beckman Coulter), CD45RA (HI100, TONBO
Biosciences), CCR7 (G043H7, BD Biosciences), CD19 (HIB19,
Biolegend), IgD (IA6-2, Biolegend), CD27 (M-T271, Biolegend),
KLRG1 (SA231A2, Biolegend) and PD-1 (Eh12.2h7, Biolegend).
Following permeabilization, cells were fixed and then stained with
proliferation marker Ki-67 (B56), and cytotoxic molecule,
Granzyme B (QA16A02). All samples were acquired in batches
on the Attune NxT software v2.7.0 on the Attune NxT acoustic
focusing cytometer (Life Technologies) and FCS files were
analyzed using FlowJo v10 (TreeStar, Ashland, OR USA).

Myeloid Cell Phenotyping
1x106 cryopreserved PBMC were thawed then washed twice in
FACS buffer and surface stained using the following antibody
cocktail: CD14 (M5E2, Biolegend), CD16 (3G8, Biolegend),
CD11b (ICRF44, Biolegend), HLA-DR (L243, Biolegend),
CD40 (5C3, BD Pharmingen), CD62L (DREG-56, BD
Pharmingen), CD64 (10.1, Biolegend), CD163 (GHI/61,
Biolegend), CXCR6 (K041E5, Biolegend), IFNAR (85228, R&D
Systems), CD11c (3.9, ThermoFisher Scientific) and CD123
(6H6, Biolegend) for the detection of various monocytic and
dendritic cell subsets. Samples were then acquired on the Attune
NxT acoustic focusing cytometer (Life Technologies). Data were
analyzed using FlowJo v10 (TreeStar, Ashland, OR USA).

Myeloid Cell Response to Bacterial
Ligands
1x106 cryopreserved PBMC were thawed, washed, and then
stimulated with a bacterial agonist cocktail or left
unstimulated. The bacterial agonist cocktail consisted of a
combination of 2ug/mL Pam3CSK4 (TLR1/2 agonist,
InvivoGen), 1ug/mL FSL-1 (TLR2/6 agonist, Sigma Aldrich),
and 1ug/mL LPS (TLR4 agonist from E. coli 0111: B4,
InvivoGen). Samples were cultured for 1 hour before adding
protein transport inhibitor (Brefeldin A) and incubated for an
additional 7 hours at 37C. Cells were then washed twice in FACS
buffer and surface stained using the following antibody cocktail –
CD14 (M5E2, Biolegend) and HLA-DR (L243, Biolegend) for 30
minutes at 4C. Stained cells were then fixed and permeabilized
using Fixation buffer (Biolegend) and incubated overnight with a
cocktail of intracellular antibodies – IL-6 (MQ2-6A3, Biolegend),
and TNFɑ (Mab11, eBioScience). Samples were then acquired on
the Attune NxT acoustic focusing cytometer (Life Technologies).
Data were analyzed using FlowJo v10 (TreeStar, Ashland,
OR USA).
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T Cell Intracellular Cytokine Staining
1x106 cryopreserved PBMC were thawed, washed, and then
stimulated for 16 hours at 37C in the presence or absence of anti-
CD3/CD28 dynabeads per manufacturer’s instructions
(ThermoFisher Sceintific); Brefeldin A (Sigma Aldrich, St. Louis,
MO) was added after 1 incubation. Cells were stained for surface
markers CD4 (OKT4, Biolegend) and CD8b (2ST8.5H7, Beckman
Coulter), fixed, permeabilized, and then stained intracellularly for
IFN-g (4S.B3, Biolegend), TNF-a (Mab11, ThermoFischer
Scientific), MIP-b (D21-1351, BD Pharmingen), IL-2 (MQ1-
17H12, Biolegend) and IL-17 (eBio64DEC17, ThermoFisher
Scientific). Samples were then acquired on the Attune NxT
acoustic focusing cytometer (Life Technologies). Data were
analyzed using FlowJo v10 (TreeStar, Ashland, OR USA).

Statistical Analysis
Data sets were first tested for normality. An ordinary one-way
analysis of variance (ANOVA) test was used to compare readouts
from young and aged study participants to the healthy donors (HD);
and to compare readouts between lean, overweight and obese
participants in both young and aged groups. Linear regression
analysis was used to compare significant shifts in curve over
horizontal line, with spearman correlation coefficient reported for
each group. P-values less than or equal to 0.05 were considered
statistically significant. While P-values between 0.05 and 0.12 are
reported as trending patterns. Graphs were created using R (version
4.0.1) and GraphPad Prism version 8.4.3 (GraphPad Software, LLC).
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of California Irvine Institutional Review
Board. The patients/participants provided their written informed
consent to participate in this study.
AUTHOR CONTRIBUTIONS

MZ, SS, and IM conceived and designed the experiments. MZ, SS,
BD, and AP performed the experiments. MZ, WS, SS, BD, and AP
analyzed the data. MZ and IM wrote the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This study was supported by the National Cancer Research
Resources and the National Center for Advancing
Frontiers in Immunology | www.frontiersin.org 8
Translational Sciences, National Institute of Health, through
Grant UL1 TR001414. The content is solely the responsibility
of the authors and does not necessarily represent the official
views of the National Institutes of Health.
ACKNOWLEDGMENTS

We would like to thank Hannah Debray and Danielle Gerken for
their assistance with sample processing and experiments.
The authors wish to acknowledge the support of the Chao
Family Comprehensive Tissue Shared Resource, supported by
the National Cancer Institutes of Health under the award
number P30CA062203.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
760288/full#supplementary-material

Supplementary Figure 1 | Dysregulation of innate immune responses in young
and aged COVID-19 patients. (A) Levels of circulating soluble immune mediators in
young and aged COVID-19 patients compared to healthy donors. (B) Levels of
circulating soluble immune mediators in lean, overweight and obese patients in
young and aged patient groups. (C) Flow cytometry gating strategy used to identify
innate immune cells. (D) Linear regression analysis of the frequency of NK cell
subsets with BMI in young and aged COVID-19 patients. (E) Representative
histograms of the expression of various markers on monocytes and DC subsets.
(F) Representative flow cytometry plots of the secretion of pro-inflammatory
cytokine (IL-6 and TNF-a) by monocytes and dendritic cell subsets (mDC and pDC)
in response to a cocktail of bacterial agonists. #p < 0.12, *p < 0.05, **p < 0.01,
***p < 001 and ****p < 0001.

Supplementary Figure 2 | Proliferation and cytokine responses of B and T cell
subsets from young and aged COVID-19 patients. (A) Linear regression analysis of
the frequency of B cell subsets with BMI in young and aged COVID-19 patients.
(B) Linear regression analysis of the frequency of proliferating B cell subsets with
BMI in young and aged COVID-19 patients. (C) SARS-CoV-2-specific IgG endpoint
titers in lean, overweight and obese individuals in both young and aged patient
groups. (D) Linear regression analysis of IgG end-point titers against the receptor-
binding domain (RBD) of SARS-CoV-2 spike protein with patient BMI in young and
aged patients. (E) Flow cytometry gating strategy used to identify adaptive immune
cell subsets and their proliferation. (F) Linear regression analysis of the frequency of
proliferating of CD4+ and CD8+ T cell subsets with BMI in young and aged COVID-
19 patients. (G) Representative histograms of the cytokine secretion by anti-CD3/
CD28 stimulated and unstimulated CD4+ and CD8+ T cells. #p > 0.05 and <0.12,
*p < 0.05, **p < 0.01, ***p < 001 and ****p < 0001.

Supplementary Table 1 | Patient characteristics and clinical data.

Supplementary Table 2 | Correlation and Simple linear regression values of
measured soluble immune mediators in young and aged patients.

Supplementary Table 3 | Correlation and Simple linear regression values of
innate immunity in young and aged patients.

Supplementary Table 4 | Correlation and Simple linear regression values of the
frequency of myeloid cell subsets in young and aged patients.
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Supplementary Table 5 | Correlation and Simple linear regression values of the
frequency of myeloid cell subsets secreting both TNF-a and IL-6 in response to a
cocktail of bacterial agonists in young and aged patients.

Supplementary Table 6 | Correlation and Simple linear regression values of the
frequency and proliferation of the adaptive immune cell subsets in young and aged patients.
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Supplementary Table 7 | Correlation and Simple linear regression values of
humoral immunity against SARS-CoV-2.

Supplementary Table 8 | Correlation and Simple linear regression values of the
frequency of CD4+ and CD8+ T cells secreting various cytokines in response to
anti-CD3/CD28 stimulation in young and aged patients.
REFERENCES
1. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A Pneumonia

Outbreak Associated With a New Coronavirus of Probable Bat Origin. Nature
(2020) 579(7798):270.

2. University JH. COVID-19 Dashboard. (2021). Retrieved August, 16, 2021,
from coronavirus.jhu.edu.

3. Nishiura H, Kobayashi T, Miyama T, Suzuki A, Jung SM, Hayashi K, et al.
Estimation of the Asymptomatic Ratio of Novel Coronavirus Infections
(COVID-19). Int J Infect Dis (2020) 94:154–5. doi: 10.1016/j.ijid.2020.03.020

4. Mizumoto K, Kagaya K, Zarebski A, Chowell G. Estimating the Asymptomatic
Proportion of Coronavirus Disease 2019 (COVID-19) Cases on Board the
Diamond Princess Cruise Ship, Yokohama, Japan, 2020. Eurosurveillance (2020)
25(10):2–6. doi: 10.2807/1560-7917.ES.2020.25.10.2000180

5. Garg S, Kim L, Whitaker M, O'Halloran A, Cummings C, Holstein R, et al.
Hospitalization Rates and Characteristics of Patients Hospitalized With
Laboratory-Confirmed Coronavirus Disease 2019 - COVID-NET, 14 States,
March 1-30, 2020. MMWR Morb Mortal Wkly Rep (2020) 69(15):458–64.
doi: 10.15585/mmwr.mm6915e3

6. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, et al.
Baseline Characteristics and Outcomes of 1591 Patients Infected With SARS-
CoV-2 Admitted to ICUs of the Lombardy Region, Italy. JAMA (2020) 323
(16):1574–81. doi: 10.1001/jama.2020.5394

7. Mueller AL, McNamara MS, Sinclair DA. Why Does COVID-19
Disproportionately Affect Older People? Aging-Us (2020) 12(10):9959–81.
doi: 10.18632/aging.103344

8. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical Features of
Patients Infected With 2019 Novel Coronavirus in Wuhan, China. Lancet
(2020) 395(10223):497–506. doi: 10.1016/S0140-6736(20)30183-5

9. Li J, Gong X,Wang Z, Chen R, Li T, Zeng D, et al. Clinical Features of Familial
Clustering in Patients Infected With 2019 Novel Coronavirus in Wuhan,
China. Virus Res (2020) 286:198043. doi: 10.1016/j.virusres.2020.198043

10. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical Characteristics of
138 Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia
in Wuhan, China. JAMA (2020) 323(11):1061–9. doi: 10.1001/jama.2020.1585

11. Wu J, Li J, Zhu G, Zhang Y, Bi Z, Yu Y, et al. Clinical Features of Maintenance
Hemodialysis Patients With 2019 Novel Coronavirus-Infected Pneumonia in
Wuhan, China. Clin J Am Soc Nephrol (2020) 15(8):1139–45. doi: 10.2215/
CJN.04160320

12. Kwok S, Adam S, Ho JH, Iqbal Z, Turkington P, Razvi S, et al. Obesity: A Critical
Risk Factor in the COVID-19 Pandemic. Clin Obes (2020) 10(6):e12403.

13. Lavie CJ, Coursin DB, Long MT. The Obesity Paradox in Infections and
Implications for COVID-19. Mayo Clin Proc (2021) 96(3):518–20.
doi: 10.1016/j.mayocp.2021.01.014

14. Lavie CJ, Sanchis-Gomar F, Henry BM, Lippi G. COVID-19 and Obesity:
Links and Risks. Expert Rev Endocrinol Metab (2020) 15(4):215–6.
doi: 10.1080/17446651.2020.1767589

15. Korakas E, Ikonomidis I, Kousathana F, Balampanis K, Kountouri A, Raptis A,
et al. Obesity and COVID-19: Immune and Metabolic Derangement as a Possible
Link to Adverse Clinical Outcomes. Am J Physiol Endocrinol Metab (2020) 319(1):
E105–9. doi: 10.1152/ajpendo.00198.2020

16. Kass DA. COVID-19 and Severe Obesity: A Big Problem? Ann Intern Med
(2020) 173(10):840–1. doi: 10.7326/M20-5677

17. Kass DA, Duggal P, Cingolani O. Obesity Could Shift Severe COVID-19
Disease to Younger Ages. Lancet (2020) 395(10236):1544–5. doi: 10.1016/
S0140-6736(20)31024-2

18. Hoong CWS, Hussain I, Aravamudan VM, Phyu EE, Lin JHX, Koh H. Obesity
is Associated With Poor Covid-19 Outcomes: A Systematic Review and Meta-
Analysis. Horm Metab Res (2021) 53(2):85–93.
19. Azzolino D, Cesari M. Obesity and COVID-19. Front Endocrinol (Lausanne)
(2020) 11:581356. doi: 10.3389/fendo.2020.581356

20. Chua PEY, Shah SU, Gui H, Koh J, Somani J, Pang J. Epidemiological and
Clinical Characteristics of Non-Severe and Severe Pediatric and Adult
COVID-19 Patients Across Different Geographical Regions in the Early
Phase of Pandemic: A Systematic Review and Meta-Analysis of
Observational Studies. J Investig Med (2021). doi: 10.1136/jim-2021-001858

21. Tracker CCD. Demographic Trends of COVID-19 Cases and Death in the US
Reported to CDC. (2021). Retrieved 17 August 2021, from covid.cdc.gov/
covid-data-tracker/#demographics.

22. CDC. Risk of COVID-19 Infection, Hospitalization, and Death by Age Group.
(2021). Retrieved July 30, 2021, from cdc.gov/coronavirus/.

23. Wang G, Zhang Q, Wu C, Wu F, Yu B, Lv J, et al. Clinical Characteristics of
Adult Fevered COVID-19 Patients and Predictors for Developing Severe
Events. Front Med (Lausanne) (2020) 7:324. doi: 10.3389/fmed.2020.00324

24. Yan Y, Yang Y, Wang F, Ren H, Zhang S, Shi X, et al. Clinical Characteristics
and Outcomes of Patients With Severe Covid-19 With Diabetes. BMJ Open
Diabetes Res Care (2020) 8(1). doi: 10.1136/bmjdrc-2020-001343

25. Zhu Q, Zhang W, Wang Q, Liu JH, Wu CH, Luo T, et al. Clinical
Characteristics and Outcome of 64 Patients With Severe COVID-19.
Zhonghua Jie He He Hu Xi Za Zhi (2020) 43(8):659–64. doi: 10.3760/
cma.j.cn112147-20200308-00275

26. He S, Fang L, Xia L, Lin S, Ye J, Luo D. Clinical Characteristics and Early
Interventional Responses in Patients With Severe COVID-19 Pneumonia.
Comput Math Methods Med 2021 (2021) 2021:6676987. doi: 10.1155/2021/
6676987

27. Ilich JZ, Kelly OJ, Kim Y, Spicer MT. Low-Grade Chronic Inflammation
Perpetuated by Modern Diet as a Promoter of Obesity and Osteoporosis. Arh
Hig Rada Toksikol (2014) 65(2):139–48. doi: 10.2478/10004-1254-65-2014-
2541

28. Sudhakar M, Silambanan S, Chandran AS, Prabhakaran AA, Ramakrishnan R.
C-Reactive Protein (CRP) and Leptin Receptor in Obesity: Binding of
Monomeric CRP to Leptin Receptor. Front Immunol (2018) 9:1167.
doi: 10.3389/fimmu.2018.01167

29. de Heredia FP, Gomez-Martinez S, Marcos A. Obesity, Inflammation and the Immune
System. Proc Nutr Soc (2012) 71(2):332–8. doi: 10.1017/S0029665112000092

30. GreenWD, Beck MA. Obesity Altered T Cell Metabolism and the Response to
Infection. Curr Opin Immunol (2017) 46:1–7. doi: 10.1016/j.coi.2017.03.008

31. Muscogiuri G, Pugliese G, Laudisio D, Castellucci B, Barrea L, Savastano S,
et al. The Impact of Obesity on Immune Response to Infection: Plausible
Mechanisms and Outcomes. Obes Rev (2021) 22(6):e13216. doi: 10.1111/
obr.13216

32. Green WD, Beck MA. Obesity Impairs the Adaptive Immune Response to
Influenza Virus. Ann Am Thorac Soc (2017) 14(Supplement_5):S406–9.
doi: 10.1513/AnnalsATS.201706-447AW

33. Andersen CJ, Murphy KE, Fernandez ML. Impact of Obesity and Metabolic
Syndrome on Immunity. Adv Nutr (2016) 7(1):66–75. doi: 10.3945/an.115.010207

34. Al-Benna S. Association of High Level Gene Expression of ACE2 in Adipose
Tissue With Mortality of COVID-19 Infection in Obese Patients. Obes Med
(2020) 19:100283. doi: 10.1016/j.obmed.2020.100283

35. Li MY, Li L, Zhang Y, Wang XS. Expression of the SARS-CoV-2 Cell Receptor
Gene ACE2 in a Wide Variety of Human Tissues. Infect Dis Poverty (2020) 9
(1):45. doi: 10.1186/s40249-020-00662-x

36. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271–
80.e8. doi: 10.1016/j.cell.2020.02.052

37. Baumgartner RN. Body Composition in Healthy Aging. Ann N Y Acad Sci
(2000) 904:437–48. doi: 10.1111/j.1749-6632.2000.tb06498.x
October 2021 | Volume 12 | Article 760288

https://coronavirus.jhu.edu
https://doi.org/10.1016/j.ijid.2020.03.020
https://doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
https://doi.org/10.15585/mmwr.mm6915e3
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.18632/aging.103344
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.virusres.2020.198043
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.2215/CJN.04160320
https://doi.org/10.2215/CJN.04160320
https://doi.org/10.1016/j.mayocp.2021.01.014
https://doi.org/10.1080/17446651.2020.1767589
https://doi.org/10.1152/ajpendo.00198.2020
https://doi.org/10.7326/M20-5677
https://doi.org/10.1016/S0140-6736(20)31024-2
https://doi.org/10.1016/S0140-6736(20)31024-2
https://doi.org/10.3389/fendo.2020.581356
https://doi.org/10.1136/jim-2021-001858
https://covid.cdc.gov/covid-data-tracker/#demographics
https://covid.cdc.gov/covid-data-tracker/#demographics
https://cdc.gov/coronavirus/
https://doi.org/10.3389/fmed.2020.00324
https://doi.org/10.1136/bmjdrc-2020-001343
https://doi.org/10.3760/cma.j.cn112147-20200308-00275
https://doi.org/10.3760/cma.j.cn112147-20200308-00275
https://doi.org/10.1155/2021/6676987
https://doi.org/10.1155/2021/6676987
https://doi.org/10.2478/10004-1254-65-2014-2541
https://doi.org/10.2478/10004-1254-65-2014-2541
https://doi.org/10.3389/fimmu.2018.01167
https://doi.org/10.1017/S0029665112000092
https://doi.org/10.1016/j.coi.2017.03.008
https://doi.org/10.1111/obr.13216
https://doi.org/10.1111/obr.13216
https://doi.org/10.1513/AnnalsATS.201706-447AW
https://doi.org/10.3945/an.115.010207
https://doi.org/10.1016/j.obmed.2020.100283
https://doi.org/10.1186/s40249-020-00662-x
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1111/j.1749-6632.2000.tb06498.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zulu et al. Obesity, SARS-CoV-2, COVID-19, Corticosteroids, Sarcopenia
38. Bajaj V, Gadi N, Spihlman AP, Wu SC, Choi CH, Moulton VR. Aging,
Immunity, and COVID-19: How Age Influences the Host Immune Response
to Coronavirus Infections? Front Physiol (2021) 11. doi: 10.3389/
fphys.2020.571416

39. Akbar AN, Gilroy DW. Aging Immunity may Exacerbate COVID-19. Science
(2020) 369(6501):256–7. doi: 10.1126/science.abb0762

40. Chen P, Zhang Y, Wen YS, Guo JJ, Bai WZ, Jia JW, et al. Clinical and
Demographic Characteristics of Cluster Cases and Sporadic Cases of
Coronavirus Disease 2019 (COVID-19) in 141 Patients in the Main District
of Chongqing, China, Between January and February 2020. Med Sci Monit
(2020) 26:e923985-1–e923985-9. doi: 10.12659/MSM.923985

41. Fu LW, Wang BY, Yuan TW, Chen XT, Ao YL, Fitzpatrick T, et al. Clinical
Characteristics of Coronavirus Disease 2019 (COVID-19) in China: A
Systematic Review and Meta-Analysis. J Infect (2020) 80(6):656–65.
doi: 10.1016/j.jinf.2020.03.041

42. Hojyo S, Uchida M, Tanaka K, Hasebe R, Tanaka Y, Murakami M, et al. How
COVID-19 Induces Cytokine Storm With High Mortality. Inflamm Regen
(2020) 40(1):37. doi: 10.1186/s41232-020-00146-3

43. Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K,
Antoniadou A, Antonakos N, et al. Complex Immune Dysregulation in
COVID-19 Patients With Severe Respiratory Failure. Cell Host Microbe
(2020) 27(6):992–1000.e3. doi: 10.1016/j.chom.2020.04.009

44. Kuri-Cervantes L, Pampena MB, Meng W, Rosenfeld AM, Ittner CAG,
Weisman AR, et al. Comprehensive Mapping of Immune Perturbations
Associated With Severe COVID-19. Sci Immunol (2020) 5(49):eabd7114.
doi: 10.1126/sciimmunol.abd7114

45. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al.
Longitudinal Analyses Reveal Immunological Misfiring in Severe COVID-
19. Nature (2020) 584(7821):463–9. doi: 10.1038/s41586-020-2588-y

46. Lewis SA, Sureshchandra S, Zulu MZ, Doratt B, Pinski A, Curtis M, et al.
Longitudinal Analyses Reveal Age-Specific Immune Correlates of COVID-19
Severi ty . medRxiv (2021) 2021.01.25.21250189. doi : 10.1101/
2021.01.25.21250189

47. van der Weerd K, Dik WA, Schrijver B, Schweitzer DH, Langerak AW,
Drexhage HA, et al. Morbidly Obese Human Subjects Have Increased
Peripheral Blood CD4(+) T Cells With Skewing Toward a Treg- and Th2-
Dominated Phenotype. Diabetes (2012) 61(2):401–8. doi: 10.2337/db11-
1065

48. Castellino F, Huang AY, Altan-Bonnet G, Stoll S, Scheinecker C, Germain RN.
Chemokines Enhance Immunity by Guiding Naive CD8(+) T Cells to Sites of
CD4 T Cell-Dendritic Cell Interaction. Nature (2006) 440(7086):890–5.
doi: 10.1038/nature04651

49. Venkataraman T, Coleman CM, Frieman MB. Overactive Epidermal Growth
Factor Receptor Signaling Leads to Increased Fibrosis After Severe Acute
Respiratory Syndrome Coronavirus Infection. J Virol (2017) 91(12).
doi: 10.1128/JVI.00182-17

50. Wilk AJ, Rustagi A, Zhao NQ, Roque J, Martinez-Colon GJ, McKechnie JL,
et al. A Single-Cell Atlas of the Peripheral Immune Response in Patients With
Severe COVID-19. Nat Med (2020) 26(7):1070. doi: 10.1038/s41591-020-
0944-y

51. Gold JAW, Rossen LM, Ahmad FB, Sutton P, Li Z, Salvatore PP, et al. Race,
Ethnicity, and Age Trends in Persons Who Died From COVID-19 - United
States, May-August 2020. MMWR Morb Mortal Wkly Rep (2020) 69
(42):1517–21. doi: 10.15585/mmwr.mm6942e1

52. Gold JAW, Wong KK, Szablewski CM, Patel PR, Rossow J, da Silva J, et al.
Characteristics and Clinical Outcomes of Adult Patients Hospitalized With
COVID-19 - Georgia, March 2020.MMWRMorb Mortal Wkly Rep (2020) 69
(18):545–50. doi: 10.15585/mmwr.mm6918e1

53. Mahase E. Covid-19: Why are Age and Obesity Risk Factors for Serious
Disease? BMJ (2020) 371:m4130. doi: 10.1136/bmj.m4130

54. Guo T, Shen Q, Guo W, He W, Li J, Zhang Y, et al. Clinical Characteristics of
Elderly Patients With COVID-19 in Hunan Province, China: A Multicenter,
Retrospective Study. Gerontology (2020) 66(5):467–75. doi: 10.1159/
000508734

55. Trecarichi EM, Mazzitelli M, Serapide F, Pelle MC, Tassone B, Arrighi E, et al.
Clinical Characteristics and Predictors of Mortality Associated With COVID-
19 in Elderly Patients From a Long-Term Care Facility. Sci Rep (2020) 10
(1):20834. doi: 10.1038/s41598-020-77641-7
Frontiers in Immunology | www.frontiersin.org 10
56. Wei C, Liu Y, Liu Y, Zhang K, Su D, Zhong M, et al. Clinical Characteristics
and Manifestations in Older Patients With COVID-19. BMC Geriatr (2020)
20(1):395. doi: 10.1186/s12877-020-01811-5

57. Cao PH, Song Y, Zhuang ZA, Ran JJ, Xu L, Geng Y, et al. Obesity and COVID-
19 in Adult Patients With Diabetes. Diabetes (2021) 70(5):1061–9.
doi: 10.2337/db20-0671

58. Caussy C, Wallet F, Laville M, Disse E. Obesity is Associated With Severe
Forms of COVID-19. Obesity (2020) 28(7):1175–5. doi: 10.1002/oby.22842

59. Simonnet A, Chetboun M, Poissy J, Raverdy V, Noulette J, Duhamel A, et al.
High Prevalence of Obesity in Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2) Requiring Invasive Mechanical Ventilation.
Obes (Silver Spring) (2020) 28(7):1195–9. doi: 10.1002/oby.22831

60. Zhao M. Cytokine Storm and Immunomodulatory Therapy in COVID-19:
Role of Chloroquine and Anti-IL-6 Monoclonal Antibodies. Int J Antimicrob
Agents (2020) p:105982. doi: 10.1016/j.ijantimicag.2020.105982

61. Ye Q, Wang B, Mao J. The Pathogenesis and Treatment of the `Cytokine
Storm’ in COVID-19. J Infect (2020) 80(6):607–13. doi: 10.1016/
j.jinf.2020.03.037

62. Channappanavar R, Perlman S. Pathogenic Human Coronavirus Infections:
Causes and Consequences of Cytokine Storm and Immunopathology. Semin
Immunopathol (2017) 39(5):529–39. doi: 10.1007/s00281-017-0629-x

63. Bahl A, Johnson S, Chen NW. Timing of Corticosteroids Impacts Mortality in
Hospitalized COVID-19 Patients. Internal Emergency Med (2021) 16
(6):1593–603. doi: 10.1007/s11739-021-02655-6

64. Ho KS, Narasimhan B, Difabrizio L, Rogers L, Bose S, Li L, et al. Impact of
Corticosteroids in Hospitalised COVID-19 Patients. BMJ Open Respir Res
(2021) 8(1):e000766. doi: 10.1136/bmjresp-2020-000766

65. Lafaurie M, Martin-Blondel G, Delobel P, Kamar N, Charpentier S, Sommet
A, et al. Impact of Previous Exposure to Systemic Corticosteroids on
Unfavorable Outcome in Patients Hospitalized for COVID-19. BMC
Pharmacol Toxicol (2021) 22(1):14. doi: 10.1186/s40360-021-00480-3

66. Zhao Y, Qin L, Zhang P, Li K, Liang L, Sun J, et al. Longitudinal COVID-19
Profiling Associates IL-1RA and IL-10 With Disease Severity and RANTES
With Mild Disease. JCI Insight (2020) 5(13):e139834. doi: 10.1172/
jci.insight.139834

67. Mueller A, Strange PG. The Chemokine Receptor, CCR5. Int J Biochem Cell
Biol (2004) 36(1):35–8. doi: 10.1016/S1357-2725(03)00172-9

68. Patterson BK, Seethamraju H, Dhody K, Corley MJ, Kazempour K, Lalezari J,
et al. CCR5 Inhibition in Critical COVID-19 Patients Decreases Inflammatory
Cytokines, Increases CD8 T-Cells, and Decreases SARS-CoV2 RNA in Plasma
by Day 14. Int J Infect Dis (2021) 103:25–32. doi: 10.1016/j.ijid.2020.10.101

69. Agresti N, Lalezari JP, Amodeo PP, Mody K, Mosher SF, Seethamraju H, et al.
Disruption of CCR5 Signaling to Treat COVID-19-Associated Cytokine
Storm: Case Series of Four Critically Ill Patients Treated With Leronlimab.
J Transl Autoimmun (2021) 4:100083. doi: 10.1016/j.jtauto.2021.100083

70. Singh S, Anshita D, Ravichandiran V. MCP-1: Function, Regulation, and
Involvement in Disease. Int Immunopharmacol (2021) p:107598. doi: 10.1016/
j.intimp.2021.107598

71. Chen Y, Wang JL, Liu CX, Su LX, Zhang D, Fan JP, et al. IP-10 and MCP-1 as
Biomarkers Associated With Disease Severity of COVID-19. Mol Med (2020)
26(1):97. doi: 10.1186/s10020-020-00230-x

72. Hondermarck H, Bartlett NW, Nurcombe V. The Role of Growth Factor
Receptors in Viral Infections: An Opportunity for Drug Repurposing Against
Emerging Viral Diseases Such as COVID-19? FASEB Bioadv (2020) 2(5):296–
303. doi: 10.1096/fba.2020-00015

73. Zhou R, To KK, Wong YC, Liu L, Zhou B, Li X, et al. Acute SARS-CoV-2
Infection Impairs Dendritic Cell and T Cell Responses. Immunity (2020) 53
(4):864–77.e5. doi: 10.1016/j.immuni.2020.07.026

74. Soto JA, Galvez NMS, Andrade CA, Pacheco GA, Bohmwald K, Berrios RV,
et al. The Role of Dendritic Cells During Infections Caused by Highly
Prevalent Viruses. Front Immunol (2020) 11:1513. doi: 10.3389/
fimmu.2020.01513

75. Wack A. Monocyte and Dendritic Cell Defects in COVID-19. Nat Cell Biol
(2021) 23(5):445–7. doi: 10.1038/s41556-021-00685-y

76. Peruzzi B, Bencini S, Capone M, Mazzoni A, Maggi L, Salvati L, et al.
Quantitative and Qualitative Alterations of Circulating Myeloid Cells and
Plasmacytoid DC in SARS-CoV-2 Infection. Immunology (2020) 161(4):345–
53. doi: 10.1111/imm.13254
October 2021 | Volume 12 | Article 760288

https://doi.org/10.3389/fphys.2020.571416
https://doi.org/10.3389/fphys.2020.571416
https://doi.org/10.1126/science.abb0762
https://doi.org/10.12659/MSM.923985
https://doi.org/10.1016/j.jinf.2020.03.041
https://doi.org/10.1186/s41232-020-00146-3
https://doi.org/10.1016/j.chom.2020.04.009
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1101/2021.01.25.21250189
https://doi.org/10.1101/2021.01.25.21250189
https://doi.org/10.2337/db11-1065
https://doi.org/10.2337/db11-1065
https://doi.org/10.1038/nature04651
https://doi.org/10.1128/JVI.00182-17
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.15585/mmwr.mm6942e1
https://doi.org/10.15585/mmwr.mm6918e1
https://doi.org/10.1136/bmj.m4130
https://doi.org/10.1159/000508734
https://doi.org/10.1159/000508734
https://doi.org/10.1038/s41598-020-77641-7
https://doi.org/10.1186/s12877-020-01811-5
https://doi.org/10.2337/db20-0671
https://doi.org/10.1002/oby.22842
https://doi.org/10.1002/oby.22831
https://doi.org/10.1016/j.ijantimicag.2020.105982
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1007/s11739-021-02655-6
https://doi.org/10.1136/bmjresp-2020-000766
https://doi.org/10.1186/s40360-021-00480-3
https://doi.org/10.1172/jci.insight.139834
https://doi.org/10.1172/jci.insight.139834
https://doi.org/10.1016/S1357-2725(03)00172-9
https://doi.org/10.1016/j.ijid.2020.10.101
https://doi.org/10.1016/j.jtauto.2021.100083
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.1186/s10020-020-00230-x
https://doi.org/10.1096/fba.2020-00015
https://doi.org/10.1016/j.immuni.2020.07.026
https://doi.org/10.3389/fimmu.2020.01513
https://doi.org/10.3389/fimmu.2020.01513
https://doi.org/10.1038/s41556-021-00685-y
https://doi.org/10.1111/imm.13254
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zulu et al. Obesity, SARS-CoV-2, COVID-19, Corticosteroids, Sarcopenia
77. Shafran N, Shafran I, Ben-Zvi H, Sofer S, Sheena L, Krause I, et al. Secondary
Bacterial Infection in COVID-19 Patients is a Stronger Predictor for Death
Compared to Influenza Patients. Sci Rep (2021) 11(1):12703. doi: 10.1038/
s41598-021-92220-0

78. Liu YJ. IPC: Professional Type 1 Interferon-Producing Cells and Plasmacytoid
Dendritic Cell Precursors. Annu Rev Immunol (2005) 23:275–306.
doi: 10.1146/annurev.immunol.23.021704.115633

79. Swiecki M, Colonna M. The Multifaceted Biology of Plasmacytoid Dendritic
Cells. Nat Rev Immunol (2015) 15(8):471–85. doi: 10.1038/nri3865

80. Onodi F, Bonnet-Madin L, Meertens L, Karpf L, Poirot J, Zhang SY, et al. SARS-
CoV-2 Induces Human Plasmacytoid Predendritic Cell Diversification via UNC93B
and IRAK4. J Exp Med (2021) 218(4):e20201387. doi: 10.1084/jem.20201387

81. Jost S, Altfeld M. Evasion From NK Cell-Mediated Immune Responses by
HIV-1. Microbes Infect (2012) 14(11):904–15. doi: 10.1016/j.micinf.
2012.05.001

82. van Eeden C, Khan L, Osman MS, Tervaert JWC. Natural Killer Cell
Dysfunction and Its Role in COVID-19. Int J Mol Sci (2020) 21(17):6351.
doi: 10.3390/ijms21176351

83. Yeap WH, Wong KL, Shimasaki N, Teo ECY, Quek JKS, Yong HX, et al. CD16 is
Indispensable for Antibody-Dependent Cellular Cytotoxicity by Human
Monocytes (Vol 6, 34310, 2017). Sci Rep (2017) 7:46202. doi: 10.1038/srep46202

84. Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schraml BU, et al.
Dendritic Cells, Monocytes and Macrophages: A Unified Nomenclature Based
on Ontogeny. Nat Rev Immunol (2014) 14(8):571–8. doi: 10.1038/nri3712

85. Kvedaraite E, Hertwig L, Sinha I, Ponzetta A, Hed Myrberg I, Lourda M, et al.
Major Alterations in the Mononuclear Phagocyte Landscape Associated With
COVID-19 Severity. Proc Natl Acad Sci U S A (2021) 118(6):e2018587118.
doi: 10.1073/pnas.2018587118

86. Shi C, Pamer EG. Monocyte Recruitment During Infection and Inflammation.
Nat Rev Immunol (2011) 11(11):762–74. doi: 10.1038/nri3070

87. Fabriek BO, Dijkstra CD, van den Berg TK. The Macrophage Scavenger
Receptor CD163. Immunobiology (2005) 210(2-4):153–60. doi: 10.1016/
j.imbio.2005.05.010

88. Wang JH, Su F, Wang S, Lu XC, Zhang SH, Chen D, et al. CXCR6 Deficiency
Attenuates Pressure Overload-Induced Monocytes Migration and Cardiac
Fibrosis Through Downregulating TNF-Alpha-Dependent MMP9 Pathway.
Int J Clin Exp Pathol (2014) 7(10):6514–23.
Frontiers in Immunology | www.frontiersin.org 11
89. Chua RL, Lukassen S, Trump S, Hennig BP, Wendisch D, Pott F, et al.
COVID-19 Severity Correlates With Airway Epithelium-Immune Cell
Interactions Identified by Single-Cell Analysis. Nat Biotechnol (2020) 38
(8):970. doi: 10.1038/s41587-020-0602-4

90. Wu J, Liang BY, Chen CR, Wang H, Fang YH, Shen S, et al. SARS-CoV-2
Infection Induces Sustained Humoral Immune Responses in Convalescent
Patients Following Symptomatic COVID-19.Nat Commun (2021) 12(1):1813.
doi: 10.1038/s41467-021-22034-1

91. Hansen CB, Jarlhelt I, Perez-Alos L, Hummelshoj Landsy L, Loftager M,
Rosbjerg A, et al. SARS-CoV-2 Antibody Responses Are Correlated to Disease
Severity in COVID-19 Convalescent Individuals. J Immunol (2021) 206
(1):109–17. doi: 10.4049/jimmunol.2000898

92. Crouch M, Guesdon W, Shaikh S. Obesity Suppresses B Cell Development
and Impairs Antibody Production Upon Antigen Challenge. FASEB J
(2017) 31. doi: 10.1096/fasebj.31.1_supplement.964.7

93. Misumi I, Starmer J, Uchimura T, Beck MA, Magnuson T, Whitmire JK.
Obesity Expands a Distinct Population of T Cells in Adipose Tissue and
Increases Vulnerability to Infection. Cell Rep (2019) 27(2):514–24.e5.
doi: 10.1016/j.celrep.2019.03.030

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zulu, Sureshchandra, Pinski, Doratt, Shen and Messaoudi. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
October 2021 | Volume 12 | Article 760288

https://doi.org/10.1038/s41598-021-92220-0
https://doi.org/10.1038/s41598-021-92220-0
https://doi.org/10.1146/annurev.immunol.23.021704.115633
https://doi.org/10.1038/nri3865
https://doi.org/10.1084/jem.20201387
https://doi.org/10.1016/j.micinf.2012.05.001
https://doi.org/10.1016/j.micinf.2012.05.001
https://doi.org/10.3390/ijms21176351
https://doi.org/10.1038/srep46202
https://doi.org/10.1038/nri3712
https://doi.org/10.1073/pnas.2018587118
https://doi.org/10.1038/nri3070
https://doi.org/10.1016/j.imbio.2005.05.010
https://doi.org/10.1016/j.imbio.2005.05.010
https://doi.org/10.1038/s41587-020-0602-4
https://doi.org/10.1038/s41467-021-22034-1
https://doi.org/10.4049/jimmunol.2000898
https://doi.org/10.1096/fasebj.31.1_supplement.964.7
https://doi.org/10.1016/j.celrep.2019.03.030
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Obesity Correlates With Pronounced Aberrant Innate Immune Responses in Hospitalized Aged COVID-19 Patients
	Introduction
	Results
	BMI Associated Aberrant Innate Immune Responses Are Marked on Aged COVID-19 Patients
	Differential Effects of BMI on Adaptive Immunity in Young and Aged Patients

	Discussion
	Materials and Methods
	Study Participants and Experimental Design
	Plasma and Peripheral Blood Mononuclear (PBMC) Isolation
	Luminex
	Antibody ELISA
	Peripheral Blood Immune Cell Phenotyping
	Myeloid Cell Phenotyping
	Myeloid Cell Response to Bacterial Ligands
	T Cell Intracellular Cytokine Staining
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


