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ABSTRACT

Cardiometabolic diseases and abnormalities have recently emerged as independent risk factors of coronavirus disease 2019 (COVID-19)
severity, including hospitalizations, invasive mechanical ventilation, and mortality. Determining whether and how this observation
translates to more effective long-term pandemic mitigation strategies remains a challenge due to key research gaps. Specific pathways by
which cardiometabolic pathophysiology affects humoral immunity against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
and vice versa, remain unclear. This review summarizes current evidence of the bidirectional influences between cardiometabolic diseases
(diabetes, adiposity, hypertension, CVDs) and SARS-CoV-2 antibodies induced from infection and vaccination based on human studies.
Ninety-two studies among >408,000 participants in 37 countries on 5 continents (Europe, Asia, Africa, and North and South America) were
included in this review. Obesity was associated with higher neutralizing antibody titers following SARS-CoV-2 infection. Most studies
conducted prior to vaccinations found positive or null associations between binding antibodies (levels, seropositivity) and diabetes; after
vaccinations, antibody responses did not differ by diabetes. Hypertension and CVDs were not associated with SARS-CoV-2 antibodies.
Findings underscore the importance of elucidating the extent that tailored recommendations for COVID-19 prevention, vaccination effec-
tiveness, screening, and diagnoses among people with obesity could reduce disease burden caused by SARS-CoV-2.
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Statement of Significance

A growing body of evidence indicates that obesity and related cardiometabolic abnormalities are independent risk factors of COVID-19 severity;
however, the specific mechanisms underlying these associations and robust subclinical correlates of protection remain unclear. To shed light on
this major research gap, we systematically reviewed the current state of the evidence regarding the bidirectional influences between car-
diometabolic diseases and SARS-CoV-2 antibodies induced from previous infection and vaccination.

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is estimated to have caused >14.9 million excess
deaths globally in 2020 and 2021 [1,2]. Designing more
effective long-term pandemic mitigation strategies remains

elusive given critical research gaps regarding which in-
dividuals are at elevated risk for COVID-19 severity, postacute
sequelae of COVID-19, and vaccine breakthrough infections
[3,4]1.

Abbreviations: ACE, angiotensin converting enzyme; Anti-N, binding antibodies against SARS-CoV-2 nucleocapsid protein antibodies; Anti-S, binding antibodies
against SARS-CoV-2 spike protein antibodies; CMD, cardiometabolic disease; HCW, health care worker; pVNT, pseudovirus viral neutralization test; RAS, renin-
angiotensin system; RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; VNT, viral neutralization test.
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Cardiometabolic Diseases Are a Major Risk
Factor for Greater COVID-19 Severity

There is growing evidence that cardiometabolic diseases
(CMDs) and abnormalities (hyperglycemia, hyperinsulinemia,
endothelial dysfunction) are independent risk factors of COVID-
19 severity, including hospitalizations, intubations, invasive
mechanical ventilation, complications, and deaths [3-8]. A pop-
ulation study among >61 million UK participants showed that the
odds of COVID-19 mortality during hospitalization were greater
among those with type 1 diabetes (adjusted odds ratio [aOR]: 3.5;
95% CI: 3.2, 3.9) and type 2 diabetes (aOR: 2.0; 95% CI: 2.0, 2.1),
relative to among those without diabetes [7]. One US study
estimated that 63.5% of COVID-19 hospitalizations were attrib-
utable to obesity, diabetes mellitus (DM), hypertension, and heart
failure [9]. Mendelian randomization studies have demonstrated
that BMI is linked with COVID-19 severity [10-13]. Moreover,
the association between BMI and COVID-19 severity has been
characterized as J-shaped in 3 large cohorts with a combined total
of >28.5 million participants [14-16]. These prior studies high-
light the potential for more effective and frequent screening for
cardiometabolic risk as well as management of diabetes and hy-
pertension through pharmacologic and nonpharmacologic ap-
proaches to reduce disease burden caused by SARS-CoV-2.

Large cohort studies have demonstrated a higher risk of
incident diabetes and abnormal glycometabolism during the
postacute phase of SARS-CoV-2 infection [17-19]. Putative
mechanisms from experimental studies include the ability of
SARS-CoV-2 to disrupt signaling pathways of insulin and
insulin-like growth factor in metabolic tissues (adipose, hepatic)
and pancreatic p cells [20,21]. A fundamental research gap is
determining the underlying etiology that explains these observed
bidirectional links between COVID-19 severity and CMD
comorbidities. This unresolved question precludes the trans-
lation of initial evidence to specific recommendations that
improve COVID-19 and CMD mitigation strategies. Key examples
include tailored COVID-19 clinical management and vaccination
guidelines among people with CMDs and monitoring for CMD
indicators following acute SARS-CoV-2 infection.

Host Humoral Immune Dysregulation Caused
by SARS-CoV-2: Exacerbations by
Cardiometabolic Disease Status?

The interconnectedness of human immunologic and meta-
bolic systems is evolutionarily conserved in invertebrate model
organisms [22]. Diabetes, obesity, and cardiovascular comor-
bidities have bidirectional linkages with immune responses,
which have been characterized by numerous previous studies
[23, 24].

SARS-CoV-2 neutralization via host humoral
immune response

SARS-CoV-2 infection and COVID-19 vaccines induce robust
humoral immune responses among most immunocompetent in-
dividuals [25,26]. Severe and mild SARS-CoV-2 infections
induce extrafollicular and germinal center B cell responses,
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resulting in increased antibody titers with viral neutralization
capacity [25-27]. Spike glycoproteins, comprised of S1 and S2
subunits, are structural proteins that allow binding between
ACE2 receptors on host cells and SARS-CoV-2, leading to sub-
sequent membrane fusion and viral entry [26]. SARS-CoV-2
spike protein is the target antigen of most COVID-19 vaccines
[26]. Nucleocapsid proteins have essential functions including
packaging viral RNA, which is necessary for viral replication and
proliferation [28]. The wide-ranging spectrum of protective
immunity against SARS-CoV-2 by antibodies induced by natural
infection and vaccination remain incompletely understood and
are under active investigation [25,26,29,30].

Elevated proinflammatory response and
metaflammation

Many individuals with excess adiposity or abnormal gluco-
se—insulin homeostasis have chronic, low-grade systemic
inflammation (Figures 1 and 2) [3]. Higher body mass index is
correlated with adipose tissue dysregulation [31], increased
adipocyte size parameters [32], the accumulation and proin-
flammatory (M1) polarization of macrophages in adipose tissues
[33,34]. Macrophage-adipocyte cross-talk leads to further al-
terations of adipose tissue function and proinflammatory
macrophage activation [35]. Metaflammation, defined as
chronic metabolic inflammation [22], includes proin-
flammatory cytokines and signaling networks such as Type I
IFN signaling.

Type I IFN responses are a major line of antiviral defense in
the innate immune response against SARS-CoV-2 and other
pathogenic human coronaviruses [36]. Dysregulated IFN
signaling and elevated proinflammatory mediators are associ-
ated with impaired immune responses against SARS-CoV-2 and
greater COVID-19 severity [36-38]. Therefore, it is hypothesized
that obesity and diabetes result in excessive proinflammation
responses during SARS-CoV-2 infection [39], explaining greater
severity in COVID-19 and elevated neutralizing antibodies.

Population-level relevance

Evaluation of SARS-CoV-2 specific antibodies has several
advantages for population-level monitoring of previous infection
and vaccination. First, antibodies remain detectable for months
[40]. Antibody screening allows differentiation between
vaccine-induced and infection-induced responses based on
antibody specificity for the spike protein only (vaccination)
compared with spike and nucleocapsid proteins (natural infec-
tion). SARS-CoV-2 nucleic acid amplification tests are considered
gold standard diagnostics; however, they are less feasible for
large-scale surveillance due to key constraints (eg, cost, shorter
detection windows) [41]. Second, a substantial proportion of
SARS-CoV-2 infections are asymptomatic and mildly symptom-
atic [42, 43]; because asymptomatic cases are less likely to seek
testing, it is presumed that these individuals are underreported.

Therefore, our study objective was to concisely review recent
evidence regarding bidirectional influences between CMDs (DM,
adiposity, hypertension, CVDs) and SARS-CoV-2 antibodies
induced from previous infection and vaccination (Supplemental
Figures 1, 2; Supplemental Table 1).
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FIGURE 1. Underlying biological rationale for potential impacts of adiposity on humoral immune response against SARS-CoV-2. Elevated
body mass index is associated with adipose tissue dysregulation [31], increased adipocyte size [32], as well as the increased infiltration and
proinflammatory polarization of macrophages [33, 34]. Obesity induces toll-like-receptor signaling pathways, which subsequently upregulate
Type I interferon (IFN) signaling and other proinflammatory responses. Obesity-associated chronic low-grade inflammation has been shown to
reprogram adipocytes and immune cells, including by altered gene expression [33], resulting in higher proinflammatory cytokine production.
Since Type I IFN is a key innate immune response against SARS-CoV-2 [36], it is hypothesized that underlying obesity triggers an excessive
proinflammation response during SARS-CoV-2 infection, which results in greater local tissue damage, COVID-19 severity, and elevated neutral-
izing antibodies. BMI, body mass index; COVID-19, coronavirus disease 2019; IFN, interferon; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
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FIGURE 2. Putative biological rationale explaining bidirectional effects of glucose-insulin metabolism dysregulation and humoral
immune response against SARS-CoV-2. Among individuals with uncontrolled diabetes, hyperglycemia and dysregulated glucose-insulin
metabolism can lead to elevated proinflammatory mediators. Based on aging and geriatric studies, chronic proinflammation could accelerate
physiologic aging of B cells, resulting in reduced functional capacity to produce high-affinity protective antibodies. Following SARS-CoV-2, a
strong proinflammatory response could lead to hyperinflammation. ACE2, angiotensin converting enzyme 2; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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Serologic Evidence of Previous SARS-CoV-2
Infection and Cardiometabolic Diseases

Since interpretations of SARS-CoV-2 antibodies differ based
on COVID-19 vaccination history, we summarized studies below
stratified by pre- or postvaccination time periods. Given that the
US FDA, CDC, UK, and WHO first issued emergency use autho-
rizations or approvals for COVID-19 vaccines throughout
December 2020, we categorized studies as “prevaccination” if
data collection occurred prior to December 2020 or if the authors
explicitly stated that participants had not yet received COVID-19
vaccinations. We considered studies as “postvaccination” if
participant vaccination status was a primary research question
(eg, humoral immune response following BNT162b2 mRNA
vaccine doses) or part of the study design (eg, inclusion criterion)
and if data collection occurred after December 2020.

Prevaccination era

Among studies with data collection before the rollout of
COVID-19 vaccinations, we considered neutralizing and binding
antibodies against any SARS-CoV-2 proteins (nucleocapsid [anti-
N1, spike [anti-S], mixtures) as evidence of previous infection.

Among 7 cohort studies evaluating neutralizing SARS-CoV-2
antibodies and elevated BMI [44-50], 5 studies found that
higher neutralizing antibody titers were associated with elevated
BMI [44-48] (Table 1). This positive association remained robust
across studies with heterogeneous assays (viral neutralization
tests [VNTs] based on plaque reduction [46,47] or cytopathic
effect [44] and pseudovirus VNTs [pVNTs] with lentiviral par-
ticles [45,48]) and adjustment for time between symptom onset
and antibody measurement [47]. Because previous studies have
found that neutralizing antibodies are positively correlated with
COVID-19 symptom severity [51,52], we hypothesize people
with obesity have greater severity of COVID-19 and relatedly
elevated viral load as well as neutralizing antibodies. Interest-
ingly, a longitudinal study among symptomatic, hospitalized
COVID-19 patients found that neutralizing antibody titers did
not significantly change between 2 timepoints among those with
obesity (P = 0.65), compared with the increase among those
with normal weight (P < 0.01); at the first timepoint, neutral-
izing antibody titers were higher among participants with
obesity, relative to normal weight [50]. This finding emphasizes
the need for future studies to corroborate whether obesity affects
neutralizing antibody kinetics throughout acute infection and
postrecovery phases. We note that most studies had modest
sample sizes (N ranging from 78 to 329), emphasizing the need
for larger studies representative of the general population. As a
summary, elevated BMI was positively associated with neutral-
izing antibodies against SARS-CoV-2, which correlates with
protection against symptomatic infection from SARS-CoV-2
variants [53].

Among cohort and cross-sectional studies assessing associa-
tions between binding SARS-CoV-2 antibodies and BMI, the
majority found positive associations between BMI and antibody
levels [45,46,54-58] or seropositivity [59-63]. The remaining
showed null associations between BMI and antibody levels
[64-66], seropositivity [67,68], or both [49]. The association
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between binding antibodies and diabetes is less clear. Six studies
reported positive associations, including greater antibody levels
[47,66] and percentage of seropositivity [62,69-71], among
people with metabolic abnormalities (DM and related indicators
[glucose, HbAlc]), relative to those without. Five studies
showed no differences in seropositivity by DM status [49,
72-75], whereas one study found an inverse association between
seropositivity and DM [76]. In summary, SARS-CoV-2 binding
antibody levels and seropositivity were either positively or not
associated with BMI and DM. Explaining the discrepant direc-
tionality of these findings is a priority research area moving
forward, including accounting for the diversity of SARS-CoV-2
antigen-specific antibodies (subclass, isotype, FcR binding ca-
pacity) [77], DM and adiposity subtypes, and clinical manifes-
tations [78,79] and nonlinearity of associations.

Eight studies showed that SARS-CoV-2 binding antibody
seropositivity [69,73], specifically anti-N [67,74-76] and anti-S
receptor binding domain (RBD) [49], and anti-S titers [66] did
not differ by hypertension or elevated blood pressure. Two
studies reported positive associations between SARS-CoV-2 Ig
levels and hypertension [47,80]; 2 studies found inverse asso-
ciations between neutralizing antibody titers or binding anti-
body seropositivity and hypertension [48,76]. A study found that
seroprevalence of SARS-CoV-2 binding antibodies (IgM) did not
differ by coronary heart disease and congestive heart failure,
respectively, among patients with COVID-19 [73]. Conversely,
one study (N=341) showed that CVDs were associated with an
elevated odds of seropositivity for SARS-CoV-2 binding anti-
bodies [72]. Overall, most studies found that previous infection,
based on seropositivity for binding antibodies against
SARS-CoV-2, did not differ by hypertension. Few studies evalu-
ated SARS-CoV-2 antibodies and CVDs.

Postvaccination era

Following COVID-19 vaccination approvals, we considered
anti-N as evidence of previous SARS-CoV-2 infection. COVID-19
mRNA vaccines induce anti-S antibodies among immunocom-
petent individuals; therefore, interpretation of anti-S seroposi-
tivity requires further information to distinguish between
whether seropositivity was induced by vaccination or previous
infection. Two cross-sectional studies evaluated associations
between anti-N and CMDs. Seropositivity of anti-N IgG and BMI
were not associated in one study [81]. In the second study,
diabetes was associated with a greater odds of anti-N seroposi-
tivity during 3 study phases (all P < 0.05) but not the fourth
phase [82]. SARS-CoV-2 variants, vaccination status, and timing
(eg, since infection or vaccination) of participants throughout
the data collection period (May 2020-June 2021) were not
accounted for in the analysis, which could potentially explain the
discrepant results.

Vaccination-Induced Humoral Immunity and
Cardiometabolic Diseases

Since most COVID-19 vaccinations target SARS-CoV-2 spike
proteins [26], we summarized antibody responses specific to
spike proteins following COVID-19 vaccinations.
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Table 1
Summary of longitudinal studies evaluating SARS-CoV-2 neutralizing antibodies and BMI

Author Year N Participant Collection dates Pre- vs. post-  Neutralization assay type' ~ SARS-CoV-2 strain/ Association with BMI and/or obesity Ref
characteristics vaccination protein Directionality Notes

De Giorgi 2021 202 COVID-19 April-November Pre VNT (plaque and SARS-CoV-2 (2019- + nAb titers positively [46]
convalescent 2020 fluorescence reduction) nCoV/USA-WA1-A12/ correlated with BMI (P =
plasma donors 2020) 0.0018)

Grzelak 2021 308 HCWs with December 2020° Pre PVNT (lentiviral SARS-CoV-2 S protein + BMI > 25 kg/m? [45]
previous SARS- particles) associated with nAbs
CoV-2 infections (+14.09 [95% CI: 8.34,
and mild 19.84]; P < 0.0001
symptoms (6 mo
post-symptom
onset)

Karuna 2021 329 HIV seronegative May-October Pre PVNT (lentivirus SARS-CoV-2 S protein + (ID80) BMI > 30 kg/m? [48]
adults 2020 backbone vector) associated with nAb titer:
convalescing from geometric mean ratio
SARS-CoV-2 1.44 (95% CI: 1.07, 1.94);
infection q = 0.04

0 (ID50) BMI > 30 kg/m?>
associated with nAb titer:
geometric mean ratio
1.37 (95% CI: 0.92, 2.04);
q=023

Nilles 2021 4469 Industry April-July 2020 Pre pVNT (lentiviral SARS-CoV-2 S protein 0 Viral neutralizing activity = [49]
employees particles) in 12% of people with

obesity and 11.5% among
those without obesity (P
=0.95)

Racine-Brzostek 2021 1055 Convalescent April-June 2020 Pre pVNT (lentiviral SARS-CoV-2 S protein — — [47]
adult outpatients particles)
with previous VNT (plaque reduction) SARS-CoV-2 strain (USA- + nAb titers higher among
positive SARS- WA1/2020 [BEI individuals with BMI > 30
CoV-2 serology Resources, NR181 kg/m? (P = 0.0055)

52281])
Teresa 2021 117 COVID-19 May-August 2020  Pre VNT (cytopathic effect) SARS-CoV-2 strain — Comparing changes in [50]
Valenzuela confirmed (33782CL) nAbs at 3—-4 versus 1-2 wk
patients after COVID-19 symptom

onset, individuals without
obesity had increases in
nAbs (P < 0.001),
whereas those with
obesity had no increases
(P =0.647)

(continued on next page)
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Table 1 (continued)

Author Year N Participant Collection dates Pre- vs. post-  Neutralization assay type' ~ SARS-CoV-2 strain/ Association with BMI and/or obesity Ref
characteristics vaccination protein T

Wendel 2021 78 Male COVID-19 Nov 2020 Pre VNT (cytopathic effect) SARS-CoV-2 (GenBank: + Positive correlation [44]
convalescent MT350282) between weight and nAb
plasma donors titers.

Weight (>90 kg) and BMI
(overweight, obese)
associated with
maintaining higher nAb
titers (> 160; P < 0.02)

Amjadi 2021 113 COVID-19 May 2021 Post® VNT (plaque forming SARS-CoV-2 strain (SARS-  + nAb titers differed across [126]
convalescent units; crystal violet stain CoV-2/UW-001/Human/ BMI categories (P =
individuals for living cells) 2020/Wisconsin) 0.027)

Frasca 2022 30 Patients with July 20217 Post® VNT (surrogate plaque SARS-CoV-2 S (RBD; - After SARS-CoV-2 [127]
SARS-CoV-2 reduction) DYNEX Agility automated infection, nAbs present in
infection ELISA system) samples of all lean
(confirmed with individuals but only a few
RT-PCR) individuals with obesity

(P < 0.0001)

Levin 2021 4868 HCWs with December Post PVNT (GFP-pseudotyped SARS-CoV-2 S protein + nAb titer higher among [83]

vaccinations 2020-July 2021 virus with a vesicular individuals with obesity,
stomatits virus backbone compared to without:
coated with SARS-CoV-2 ratio of mean titer 1.31
S protein) (95% CI: 1.14, 1.51)

Malavazos 2021 1060 Individuals after January Post IgG neutralizing SARS-CoV-2 S protein - After 2" vaccine doses, [84]
1% and 2™ 2021-March 2022 antibodies against trimer, including RBD and abdominal obesity was
BNT162b2 mRNA trimeric complex (CLIA) NTD sites from 3 S1 associated with decreased
vaccinations, subunits (LIAISON assay) IgG-TrimericS levels in
stratified by infection-naive
abdominal obesity individuals. The
and previous interaction between
infection status abdominal adiposity and

SARS-CoV-2 infection was
significant (P = 0.002)
+ At baseline (prior to

vaccines) among
participants with previous
infection, those with
abdominal obesity had
higher IgG-TrimericS
levels, compared to those
without abdominal
obesity (P < 0.001)

0 Ng v

GFP, green fluorescent protein; HCW, healthcare worker; nAb, neutralizing antibody; NTD, N-terminal domain; RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

1 Neutralizing antibody detection tests categorized as: virus neutralization test (VNT), pseudovirus neutralization test (pVNT), and competitive neutralization test (cVNT), per the Interim
Guidelines for COVID-19 Antibody Testing from the CDC (https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html)

2 None stated. Categorization based on the date (see italicized text) manuscript submitted to journal.

3 Vaccination status of participants not stated

4 Comparison not reported
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Neutralizing antibodies

In 2 studies that studied humoral responses after BNT162b2
(Pfizer-BioNtech) mRNA vaccination doses, both found that
neutralizing antibodies differed by adiposity [83, 84]. In a pro-
spective cohort study among 4868 health care workers (HCWs),
obesity (BMI > 30 kg/mz) was associated with elevated
neutralizing antibody titers, which were assessed by pVNTs, at 6
mo after receiving 2 vaccine doses [83]. Comparing 3 mo with 1
mo postvaccination, there was a greater fold decrease of IgG
neutralizing antibodies against trimeric S complex levels among
individuals with abdominal obesity compared with those
without abdominal obesity [84]. These results potentially sug-
gest that body composition and types of adipose tissue may
differentially impact neutralizing antibodies induced by
COVID-19 vaccinations.

Two studies showed that after BNT162b2 mRNA vaccine
doses, neutralizing antibody titers and seropositivity did not
differ by DM [85], CVDs [84, 85], or hypertension [84]. Both
studies were among HCWs, including 2607 in Israel [85] and
1060 in Italy [84].

Anti-S binding antibodies

Fourteen cohort and cross-sectional studies assessed associa-
tions between anti-S and adiposity (BMI, waist circumference)
following COVID-19 vaccinations. The directionality of associa-
tions was inconsistent [86]; specifically, 7 studies showed null
associations [87-93], 3 found positive associations [81,94,95],
and 3 showed inverse associations [96-98]. Anti-S levels were
evaluated in all studies except for one that assessed seropreva-
lence [88]. Based on the previous observation of the J-shaped
association between BMI and mortality, future studies should
consider the nonlinearity of this association. Studies included
mRNA (mRNA-1273 [Moderna], BNT162b2) and inactivated
(CoronaVac [Sinovac]) vaccines with varying doses (eg, 1
compared with 2 full doses) and lengths of time since receipt of
vaccinations; these factors potentially explain these incongruous
associations.

Among 5 cohort studies comparing postvaccination anti-S by
DM [85,99-102], 4 found null associations between anti-S
seropositivity [85,100,102] and levels [101]. Two studies
showed inverse associations between DM and seronegativity
[99] and IgA [85]. We note that null associations remained
robust across heterogeneous vaccination doses. Among 5 vacci-
nation studies (BNT162b2, ChAdOx1-S, CoronaVac), anti-S re-
sponses (levels, ratios) did not differ by hypertension in 3 studies
[90,91,103] or cardiac comorbidities in one study [89]. In a
study among 86 HCWs, hypertension was associated with lower
anti-S titers adjusting for BMI, age, and sex [97].

In summary, neutralizing antibody and anti-S responses after
vaccination differed by adiposity in the most studies, however
inconsistent directionality underscores the need to further
elucidate mechanisms and effect modification. Future priority
questions include determining specific influences of body
composition (adipose tissue type) and time since previous in-
fection(s) and vaccination(s), particularly antibody waning.
Postvaccination humoral responses, based on neutralizing and
anti-S binding antibody levels and seropositivity, were generally
similar by DM, CVD, and hypertension.
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Postacute Sequelae of COVID-19: New-Onset
Type 1 Diabetes Mellitus?

Prevaccination era

We categorized studies among adolescents and children with
data collection prior to May 2021 as “prevaccination” studies,
based on the US FDA approval date of COVID-19 vaccine use
among 12- to 15-year-old adolescents. Bidirectional etiology has
been hypothesized albeit based on ecologic observations of
increased new-onset type 1 DM cases and severity of diabetic
ketoacidosis following the COVID-19 pandemic, including
among children and adolescents in the United Kingdom [104]
and Germany [105]. In Finland, the incidence of type 1 DM was
higher among children during the COVID-19 pandemic, relative
to a reference cohort among children prior to the pandemic
[106]. One cohort study among new-onset (N=129) or estab-
lished (N=94) type 1 DM cases, relative to healthy controls
(N=664), found no intergroup differences in seroprevalence of
SARS-CoV-2 antibodies [107]. Among individuals with
SARS-CoV-2 seropositivity, none progressed to incident type 1
DM [108]; vice versa, among those with new-onset type 1 DM,
none had anti-SARS-CoV-2 seropositivity [108,109].

Postvaccination era

In a multicenter prospective cohort study (N=247), anti-S
(RBD) antibody levels (binding antibody units/mL) were
similar between participants with type 1 DM, type 2 DM, and
healthy controls after the second COVID-19 vaccine doses [101].
A case-control study found that anti-S (RBD; IgA, IgG, IgM) re-
sponses after 1 and 2 vaccine doses were similar between pa-
tients with and without type 1 DM [110].

Overall, cross-sectional and cohort studies have not shown
associations between anti-SARS-CoV-2 antibodies and type 1
DM. Although immunofluorescence, immunostaining, and some
single cell RNAseq studies have shown that the ACE2 receptor is
expressed on almost all human pancreatic cell types [111,112], a
recent in vivo single cell RNAseq study indicated that infection
impacts were limited and generally noncytopathic [112], which
could explain the null findings in epidemiologic studies. Future
studies, including in vivo studies with larger study populations,
are needed to shed light on discrepant results and resolve this
ongoing controversy of whether SARS-CoV-2 infection can result
in new-onset type 1 DM [113].

Research Gaps and Future Perspectives

There are major challenges in interpreting previous findings,
which stem from interstudy methodologic differences and
remaining research gaps.

Accounting for temporally dependent, extrinsic, and
intrinsic factors at the population and individual
level

One challenge is accounting for the dynamic escalation in the
host-pathogen arms race via emergent SARS-CoV-2 variants and
subvariants of concern with improved immune evasion and
transmissibility [114] and vaccine development, availability,
uptake, and effectiveness (Figure 3). Humoral immune responses
following SARS-CoV-2 infection and COVID-19 vaccination
differ by multiple temporally dependent factors. At the
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Extrinsic Intrinsic
§ Local community:
o 1) Pandemic policies and behavioral norms (e.g.
3 SARS-Cov-2 variant and subvariant surges: mask-wearing, social distancing)
2 Variable virulence (transmissibility), 2) Vaccination coverage
- cross-protection 3) Previous infections and reinfections
2 4) Hybrid immunity induced from vaccination and
& previous infection
Vaccination status, including dosages, types,
o and length of time from and between
2 Vaccination availability (dosages, booster][s], types) vaccination
‘:'v and access dosages (primary series, booster(s])
S COVID-19 drug treatment (e.g., nirmatrelvir/ritonavir, Risk tolerance (individual, household members)
-'E dexamethasone, remdesivir) availability and Frequency of contact with non-household
© access individuals
£ Age
Comorbidities (cardiometabolic diseases)

FIGURE 3. Key temporally dependent factors affecting links between cardiometabolic health and COVID-19 outcomes. Comparing prior
findings regarding humoral immunity and cardiometabolic health is challenging due to the temporal dependence of related extrinsic and intrinsic
factors at the population and individual level. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

population level, transmission and COVID-19 severity risk has
substantially fluctuated during different surges of SARS-CoV-2
variants of concern and vaccination rollout strategies. Host im-
mune mechanisms are differentially sensitive and effective
against SARS-CoV-2 variants [114,115], which differ by phylo-
genetic lineage and mutations, often in spike protein [114].

A

Number of studies in review

Since epitopes on SARS-CoV-2 spike protein are primary targets
of neutralizing antibodies, particular variants (eg, omicron) have
improved immune escape responses relative to other variants
(eg, alpha) [114,115]. At the individual level, the potential im-
pacts from the length of time since acute infection and vaccina-
tion (including full doses and boosters), temporality of
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FIGURE 4. Comparison of geography and study design across studies in review. Among 92 studies included in this review, geographic
distribution is visually illustrated by a heatmap (A) and the total number of participants in studies, stratified by country (B). Blue dots are
proportionally scaled to represent the number of participants (B). The percentage of studies with differing study designs (cohort, cross-sectional,
intervention) are illustrated (C). ® 88 studies are included in this map. Four studies were excluded from this visualization as they included data
from participants in multiple countries, including Austria, Peru, Ireland, Netherlands, Portugal, Romania, Serbia, and Norway. Created with
Datawrapper. ® 90 studies were included. Two multi-site studies were excluded because the number of participants was reported in aggregate and

not stratified by geographic location [77,101].
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booster, improving the effectiveness of vaccinations
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|

FIGURE 5. Overview of key knowledge gaps, challenges, and opportunities. Despite growing evidence of cardiometabolic diseases as in-
dependent risk factors of COVID-19 severity, including mortality, intubations, and hospitalizations (A), the etiology (B) as well as the impact on
transmissibility (C) of SARS-CoV-2 vaccines remain unclear (D). Several large cohort studies have shown that postacute sequelae of COVID-19
include metabolic abnormalities in some individuals, although implications have yet to be determined given key remaining research gaps.

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

hyperglycemia and DM diagnosis (eg, transience, delayed
detection) need to be considered in future studies and compari-
sons of studies with variable durations and assessment
timepoints.

SARS-CoV-2 outcomes and baseline immune
competency comparators: moving targets

The relevance of comparator groups has dynamically shifted
throughout the pandemic, which poses a substantial challenge in
determining the influences of CMDs on humoral immune re-
sponses against SARS-CoV-2. During the early phase of the
pandemic, naive individuals without evidence of previous SARS-
CoV-2-specific immunity were predominantly considered the
comparator group of interest, and SARS-CoV-2 infection was a
major outcome of interest. Since then, a growing number of
people have previous exposure to SARS-CoV-2 infection(s) or
received COVID-19 vaccination (full dosages, booster[s]).

Studies have shown that >80% of people in the United States had
SARS-CoV-2 spike or nucleocapsid antibodies, indicating previ-
ous infection, vaccination, or both [116]; key outcomes have
shifted to COVID-19 severity, reinfections, and vaccine break-
through infections in many studies, particularly against emer-
gent variants of concern. Given the highly variable impacts of
SARS-CoV-2 in communities across the United States and glob-
ally, different reference groups (eg, previous vaccination, infec-
tion, hybrid immunity) are arguably more relevant to certain
target populations.

An important future research priority is identifying a corre-
late of protection, or panel of biomarkers, against risk of infec-
tion or severe disease that reflects baseline status of immunity
specific to SARS-CoV-2. The ideal correlate of protection will be
quantifiable, feasible for scaling up to population-level surveil-
lance, and sensitive to cardiometabolic health, which would
provide valuable insights for prevention approaches.
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Role of confounders: COVID-19 severity and
socioeconomic factors

One central unresolved question is determining the role of
COVID-19 severity in the association between CMDs and SARS-
CoV-2 antibodies. COVID-19 severity could be: 1) a confounder
that distorts the true association, which could potentially explain
inconsistent findings in previous studies that have not adjusted
for disease severity; 2) an effect modifier, which suggests that
findings not reported as stratum-specific estimates could intro-
duce bias; or 3) an intermediate variable or mediator, which
suggests that adjusting for severity could bias results. Lastly,
COVID-19 severity could result in elevated humoral immune
responses independent of CMDs, or alternatively, CMDs could
lead to more severe COVID-19 independent of antibodies. A key
initial step is improving the evaluation of disease severity.

Socioeconomic status is another major potential confounder.
A growing body of literature has characterized differences in
SARS-CoV-2 infection risk [117], COVID-19 cases [118], and
CMDs [119] by socioeconomic and neighborhood factors.

Interpreting SARS-CoV-2 antibody assays

Comparing findings across studies with variegated SARS-
CoV-2 antibody assays is challenging. Few studies used quanti-
tative antibody assays or neutralizing antibodies, particularly
with calibration against the WHO standard [120]. Many studies
reported relative quantitation values of signal intensity and uti-
lized differing cutoff values to define seropositivity. A number of
studies used commercially available immunoassays and rapid
diagnostic  tests (lateral flow assays) that report
SARS-CoV-2-specific antibodies without distinguishing between
neutralizing versus nonneutralizing antibodies, antigen epitopes
(binding sites of nucleocapsid, spike [S1, S2, RBD] proteins of
SARS-CoV-2), and Ig isotypes (IgG, IgM, IgA). SARS-CoV-2
binding antibody assays correlate with neutralization titers
[121]; however, other antibody effector functions beyond
neutralization are still under active investigation [122]. CMD
status and indicators are also variable, rendering meta-analyses
of associations with SARS-CoV-2 antibodies difficult or not
possible in some cases.

Generalizability to other populations

This review included 92 studies with over 408,000 partici-
pants from 37 different countries on 5 continents (Europe, Asia,
Africa, and North and South America; Figure 4A, 4B). Approxi-
mately one-third of studies were from Europe (eg, Belgium,
Denmark, Finland, France, Germany, Greece, Italy, Poland,
Spain, Sweden, Switzerland, United Kingdom), and nearly one-
quarter of studies conducted in North America (United States,
Mexico). Future studies among low- and middle-income coun-
tries are needed. Most studies were cohorts (58.7%), followed by
cross-sectional (34.8%), case-control studies (5.4%), and an
intervention study (1.1%; Figure 4C).

Concluding Remarks

Obesity was associated with higher neutralizing antibody ti-
ters following SARS-CoV-2 infection. Further studies need to
confirm the extent that neutralizing antibody titers explain
immunomodulatory influences of adiposity on COVID-19
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severity risk as well as account for extensive heterogeneity
among people with elevated BMI. Prior to vaccine rollout, most
studies showed positive or null associations between binding
antibodies against SARS-CoV-2 and DM; after vaccination, anti-
body responses did not differ by DM. Most studies found that
SARS-CoV-2 antibody seropositivity did not differ by hyperten-
sion, suggesting that hypertension does not affect SARS-CoV-2
infection risk.

Key strengths of this review include the diverse participants
in 5 continents of available studies, evaluation of SARS-CoV-2
antibodies as relatively noninvasive indicators appropriate for
population-level assessment, and systematic search strategy.
However, major limitations and challenges include the inability
to draw causal inferences from observational human studies,
highly heterogeneous study designs (particularly SARS-CoV-2
antibody assays, cardiometabolic indicators), and need to
further evaluate etiology, effect modification, and confounders
(eg, SARS-CoV-2 variants, vaccination history details, and
baseline immunocompetence).

Future priority research questions include: How do we accu-
rately evaluate population-scale impacts of underlying car-
diometabolic health on humoral immunity against SARS-CoV-2
variants and vaccinations (Figure 5)? Is the efficacy and effec-
tiveness of COVID-19 vaccination affected by CMDs? To what
extent should COVID-19 vaccination recommendations, such as
booster dosages and timing, be tailored among people with
CMDs? How does acute SARS-CoV-2 infection (symptomatic,
asymptomatic) affect the risk of short- and long-term metabolic
postacute sequelae of COVID-19? Are there metabolically sen-
sitive correlates of protection that provide earlier detection of
individuals at greater risk for COVID-19 severity and postacute
sequelae of COVID-19 [123]? What is the role of COVID-19
severity in the association between CMDs and SARS-CoV-2
neutralizing antibodies? How do COVID-19 treatments (eg, nir-
matrelvir/ritonavir, remdesivir, dexamethasone) modify associ-
ations between cardiometabolic diseases and COVID-19
severity? How do socioeconomic and neighborhood factors in-
fluence the association between CMDs and COVID-19 severity?
Can lifestyle and pharmacologic interventions that improve
modifiable cardiometabolic risk factors effectively reduce pop-
ulation burden due to COVID-19 severity [124]?

In summary, the current state of the evidence implicates the
role of elevated BMI in modulating SARS-CoV-2 neutralizing
antibodies. This finding underscores the importance of more
effective obesity prevention efforts [125] and determining the
potential benefits of tailored recommendations according to
preinfection BMI on improved prevention, protection from
vaccination, and treatment of COVID-19.
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