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Clinical associations and potential cellular
mechanisms linking G6PD deficiency and
atherosclerotic cardiovascular disease
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Glucose 6-phosphate dehydrogenase deficiency (G6PD-d) is the most common enzymopathy in the
world, occurring in 5-8% of the global population (half a billion people). Recent epidemiological
evidence suggests that G6BPD-d may be associated with increased cardiovascular disease (CVD).
Atherosclerosis is the dominant cause of CVD, including myocardial infarction, heart failure, stroke,
and peripheral artery disease. Atherosclerosis, in turn, is a chronic inflammatory disease, fueled by
oxidized lipids and influenced by various immune and nonimmune cells including vascular endothelial
and smooth muscle cells, monocytes and macrophages, T cells, B cells, and red blood cells. Here, we
review the existing epidemiological evidence supporting a role for G6PD-d in CVD in humans and
explore the data on potential cellular mechanisms by which G6PD-d may exacerbate atherosclerosis.

Cardiovascular disease (CVD) is the leading cause of mortality and mor-
bidity worldwide'. A major cause of CVD is atherosclerosis, a chronic
inflammatory disease characterized by the pathogenic accumulation of
vascular smooth muscle cells (VSMC), oxidized lipids and immune cells in
the artery wall’™*. Atherosclerosis is a disorder with multiple environmental
and genetic contributions. Incorporation of genetic variants identified
through genome wide association and CVD cohort studies has successfully
refined CVD risk prediction models indicating that heritable genetic var-
iants play an integral role in CVD pathogenesis and progression. Thus,
identifying CVD-associated variants may inform precision medicine efforts
to prevent and treat CVD™".

Recent epidemiological studies have identified the glucose 6-phosphate
dehydrogenase (G6PD) gene on the X chromosome as one possible location
of such genetic variants. G6PD deficiency (G6PD-d) is the most common
enzymopathy in the world, with approximately 500 million affected people
worldwide. The impressive prevalence of G6PD variants is hypothesized to
be related to their conferred resistance to malaria. These mutations therefore
disproportionately affect individuals with ancestry from malaria endemic
regions, namely Africa, the Middle East, Southeast Asia, and the Medi-
terranean. Affected individuals display a spectrum of disease severity cor-
responding to the degree of reduction in G6PD activity, which is determined
by the specific G6PD variant alleles present’. X-inactivation in female
heterozygotes further increases phenotypic variability'’. Importantly, most
amino acid-altering mutations that reduce the overall activity of G6PD do so
by decreasing protein stability, catalytic capacity or both. Accordingly, the
World Health Organization classifies G6PD-d based on the level of residual

G6PD activity, with severe deficiency (Class I) causing chronic non-
spherocytic hemolytic anemia and the least severe deficiency (Class IV) with
little-to-no appreciable phenotype®".

G6PD plays an essential role in redox homeostasis by catalyzing the
first and rate limiting step of the pentose phosphate pathway (PPP), pro-
ducing a significant portion of the cellular store of nicotinamide adenine
dinucleotide phosphate (NADPH). NADPH is the primary electron donor
for multiple antioxidant pathways. For example, NADPH is the electron
donor for the enzymatic regeneration of the reduced form of the important
antioxidant glutathione (GSH), enabling it to neutralize toxic reactive
oxygen species (ROS) that accumulate due to normal and pathological
cellular processes. Additionally, NADPH is a necessary cofactor for fatty
acid, amino acid, and nucleotide biosynthesis. The PPP also produces
ribose-5-phosphate required for ribonucleotide synthesis'* (Fig. 1a).

Traditionally, G6PD-d has been studied in the context of RBC
hemolysis secondary to ingestion of drugs or foods that cause oxidative
stress. RBCs are particularly susceptible to oxidative stress due to the lack of
nuclei needed for protein synthesis, the absence of mitochondria capable of
supplying NADPH outside of the PPP, and a high iron content that drives
Fenton chemistry”. However, a growing body of evidence points to a role for
G6PD-d in pathologies other than hemolysis, including atherosclerotic
cardiovascular disease (ASCVD). (Fig. 1b) Interestingly, reduced G6PD
activity has also been implicated in dysfunctional innate and adaptive
immune responses'”'. (Fig. 1c) That ASCVD is a chronic inflammatory
disease mediated by both the innate and adaptive immune systems, provides
potential mechanisms whereby G6PD-d may contribute to atherosclerosis”.
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Fig. 1 | Overview of epidemiological associations
between G6PD deficiency, cardiovascular disease,
and immunological disease. a G6PD is the rate-
limiting enzyme in the pentose phosphate pathway
(PPP), producing NADPH and other biosynthetic
molecules necessary for the synthesis of ribonucleic
acids, fatty acids, nucleotides, and amino acids.
NADPH produced by the PPP is critical for main-
taining redox homeostasis and, conversely, for the
production of reactive oxygen species by NADPH
oxidases. b, ¢ G6PD deficiency is associated with
worsened cardiovascular disease outcomes and a
higher incidence of immune-related diseases in
epidemiological studies. However, the effect of
G6PD-d and a dysfunctional PPP on immune cell
function in the context of atherosclerosis has yet to
be explored. b
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In this review, we highlight the epidemiological evidence linking G6PD-d to
ASCVD and discuss the literature that supports mechanisms that may
explain this link, with a focus on the potential impact of G6PD-d on the
immune cells involved in atherosclerosis.

Epidemiological evidence of the link between

G6PD & CVD

Early epidemiological studies of G6PD-d and atherosclerosis suggested that
it may be atheroprotective. Long et al. found a significant reduction in the
incidence of coronary artery disease among African American individuals
with G6PD-d. However, the study did not control for variation in choles-
terol levels, which is a major cardiovascular disease covariate. Additionally,
G6PD deficiency was assessed by the methemoglobin reduction test, which
has a low positive predictive value and therefore may classify individuals as
being G6PD-d when they are not”. A subsequent study by Cocco et al.
found a decreased risk of mortality caused by ischemic heart disease and
cerebrovascular disease in G6PD-d individuals, although the study was
underpowered by limited sample sizes'’. Meloni et al. reported a decreased
incidence of G6PD-d in patients presenting to the hospital for coronary
artery disease, though the sample size of G6PD-d patients was again limited
and the case control design has more limitations when compared to ret-
rospective cohort studies'’.

More recently, studies with larger sample sizes and superior study
design have demonstrated a significantly increased risk of ASCVD asso-
ciated with G6PD-d. In 2018, a study of 737 G6PD-d individuals in the US
Armed Forces demonstrated a covariate-adjusted risk of ASCVD that was
39.6% higher than non-deficient controls'®. Similarly, Pes et al. published a
propensity score-matched study of 1123 Mediterranean G6PD-d subjects,
the largest sample size of G6PD-d subjects to date, which showed a 71%
higher risk of ASCVD after controlling for available ASCVD-related
covariates'”’. Two more recent studies investigating the risk of stroke in
G6PD-d subjects in China concluded that G6PD-d was associated with
significantly increased risk of large vessel atherosclerosis, stroke history, and
intracranial atherosclerotic stenosis (ICAS)***'. While Dore et al. found that
the risk of ASCVD complications was only statistically significant in indi-
viduals over the age of 60 and Li et al. found that G6PD-d increases risk of
ICAS in those aged 70 years or older, others studies have noted increased
ASCVD risk in populations ranging from ~37 to 51 years old'**'. This
potential age-related effect may be secondary to a progressive imbalance

between ROS production and waning antioxidant defenses during aging,
making G6PD-d individuals more susceptible to oxidative stress-induced
ASCVD”. ASCVD is also a chronic disease that develops across the lifespan,
meaning G6PD-d individuals may accumulate subclinical atherosclerotic
plaque at an accelerated rate prior to age 60. After enough time, their risk for
the symptomatic ASCVD outcomes (i.e. MI, stroke) measured in these
cohort studies may be increased. However, further studies with more
quantitative measures of ASCVD are needed to assess this possibility.

Lastly, epidemiological data suggests G6PD-d may modify several
cardiovascular risk factors that can contribute to the development of
ASCVD. While the impact of G6PD-d on these covariates has been dis-
cussed thoroughly in a previous review, we will summarize here for
completeness™. In short, G6PD-d increases the risk of developing chronic
hypertension, diabetes, and the microvascular complications of diabetes,
which are all major risk factors for ASCVD'***?. Interestingly, several
in vitro studies of experimentally induced G6PD-d in human monocytes
and endothelial cells have demonstrated that exposure to hyperglycemia or
free fatty acids alone, as seen in diabetes or hyperlipidemia, decrease GG6PD
activity. Thus, these comorbid conditions may further exacerbate the
proinflammatory endothelial and monocyte phenotypes associated with
preexisting G6PD-d, thereby compounding CVD risk™ ™.

Mechanistic studies linking G6PD-d to cellular processes
involved in atherosclerosis
G6PD-d impairs vascular homeostasis. Nitric oxide (NO) plays an
important role in the early development of ASCVD. NO inhibits leu-
kocyte adhesion to vascular endothelial cells (VEC) in vitro and in vivo
during the early phases of hypercholesterolemia’”. In addition, NO
regulates low density lipoprotein (LDL) levels and vascular uptake. NO
normally functions to reduce plasma LDL concentration via
S-nitrosylation of the LDL receptor adaptor protein ARH, thereby
enhancing LDL receptor-mediated clearance of LDL”. In the arterial
wall, NO promotes vasodilation and maintains the integrity of the vas-
cular endothelial barrier, thereby limiting the harmful translocation of
LDL to the arterial intima* (Fig. 2a).

Nitric oxide synthase (NOS) requires NADPH as a cofactor to produce
NO. Given G6PD produces a majority of cellular NADPH, G6PD-d cells
demonstrate impaired NO production in vitro™. Studies of cultured human
vascular endothelial cells (HUVECs) have demonstrated that competitive
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Fig. 2 | Proposed mechanisms linking G6PD deficiency in vascular cells to
increased CVD. G6PD-d reduces the production of cellular NADPH.aNADPH is a
necessary cofactor for nitric oxide (NO) synthesis by endothelial nitric oxide syn-
thase (eNOS). G6PD-d therefore decreases bioavailable NO, potentially leading to
vasoconstriction, increased vascular permeability, increased leukocyte adhesion,
vascular smooth muscle cell (VSMC) proliferation, and reduced LDL clearance
through insufficient NO-modification of LDL receptor (LDLR) adaptor protein
ARH. bNADPH is also a necessary cofactor for the generation of glutathione (GSH),
which is a key antioxidant. Decreased GSH leads to increased ROS. This may lead to
vascular endothelial cell (VEC) damage and death, pro-inflammatory cytokine

secretion, and expression of leukocyte adhesion molecules that recruit inflammatory
immune mediators of atherosclerosis. ROS accumulation may also contribute to
increased oxidation of low density lipoprotein (LDL) into oxLDL, which is
inflammatory and pathogenic in ASCVD. ¢ Interleukin 10 (IL-10) production by
monocytes and other immune cells may be decreased in humans with G6PD-d,
though this may be due to the presence of low-producing IL-10 variants that
commonly co-occur with G6PD-d variant alleles. Regardless of why G6PD-d indi-
viduals express lower IL-10 levels, reduced IL-10 may lead to increased athero-
sclerosis as it plays a predominantly anti-inflammatory role in ASCVD.

inhibition of G6PD in the HUVECs using 6-aminonicotinamide (6-AN) or
G6PD knockdown downregulate eNOS activity and nitrate levels. Despite
G6PD-d classically leading to reduced NADPH bioavailability, NADPH
oxidase-dependent ROS production was also increased”®”’. Though not
examined in this study, NO has been shown to inhibit NOX activity through
s-nitrosylation. This effect of NO depletion may represent an additional
mechanism by which G6PD enhances ROS production in G6PD-d cells.
The G6PD-d HUVEC: also demonstrated increased expression of VCAM/
ICAM-1, TGFP and other pro-inflammatory molecules such as TNF and
MCP-1. When co-cultured with a human-derived monocyte line with
normal G6PD activity, HUVECs rendered G6PD-d via inhibition with 6-
AN, dehydroepiandosterone (DHEA), or G6PD knockdown displayed
increased monocyte adhesion. Notably, inhibition of NOXs or TGFp
receptors significantly decreased monocyte adhesion to the G6PD-d
HUVECs. The authors of these studies therefore concluded that the
observed proinflammatory phenotype is likely mediated by increased
TGFB/NOX/ROS signaling within the HUVECs™”. Altogether, these
proinflammatory changes in vascular homeostasis are known to promote
proatherogenic accumulation of both inflammatory leukocytes and LDL in
the vascular wall® (Fig. 2b).

In addition to its effects on the VECs, G6PD-d may contribute to
plaque growth by increasing the proliferative capacity of VSMCs and
reducing vasodilation, Although contrary to the notion that G6PD-d
largely limits proliferative capacity, Varghese et al. found that GGPD-d mice
spontaneously developed pulmonary hypertension secondary to increased
VSMC proliferation. This proliferative phenotype was shown to be induced
by ROS/RNS-dependent PI3K, ERK1/2, and AMPK activation”’. Other
groups have also reported that G6PD-d VSMCs may have increased
expression of 11-6, as well as various chemokines and chemokine receptors
that can potentiate vascular inflammation’*”. Furthermore, reduction in

bioavailable NO induces pathogenic vascular smooth muscle cell pro-
liferation in vitro and vasoconstriction in vivo due to suppression of cGMP
kinase signaling™*'. While high sheer stress caused by vasoconstriction is
considered atheroprotective during the early phases of atherogenesis, it later
predisposes individuals to more vulnerable plaque phenotypes that cause
MI and stroke®. VSMC proliferation and intimal thickening also predispose
individuals to oscillatory or low blood flow, which have been shown to
induce leukocyte adhesion, enhanced vascular permeability, LDL oxidation,
and atherosclerotic plaque formation”™*. (Fig. 2a) It is important to note
that there is also evidence to the contrary that suggests G6PD-d may exert a
vasoprotective effect by preventing pathogenic VSMC proliferation, limit-
ing vasoconstriction, and protecting against angiotensin II-induced
hypertension“ . Given this is an area of active research, more studies are
needed to fully elucidate the impact of G6PD-d on VSMCs in
atherosclerosis.

G6PD-d impairs antioxidant processes. In individuals with sufficient
G6PD activity, GSH neutralizes ROS to maintain redox homeostasis.
However, in G6PD-d individuals with depleted GSH stores, LDL oxidation
is hypothesized to be accelerated by the resulting oxidative stress. Consistent
with this model, serum samples from G6PD-d patients have been reported
to have significant increases in oxidation specific epitopes (OSE) [i.e.a 31%
increase in a product of lipid oxidation (MDA) and a 447% increase in a
product of protein oxidation (protein carbonyl)]’. In atherogenesis, pattern
recognition receptors (PRRs) and scavenger receptors on intimal macro-
phages are known to recognize these OSEs as damage associated pathogens
(DAMPs). Upon recognition, macrophages undergo proinflammatory
polarization and phagocytose of oxidized low density lipoprotein (oxLDL),
ultimately leading to proatherogenic cytokine production and the forma-
tion of foam cells that contribute to plaque progression” (Fig. 2b).
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G6PD-d and IL-10. In several animal models of ASCVD, IL-10 has been
shown to reduce plaque burden and improve plaque phenotype while
ApoE-/- IL10-/- double knockout mice develop increased
atherosclerosis**. Human peripheral blood mononuclear cells (PBMC)
from G6PD-d patients harboring G6PD variants have demonstrated
reduced IL-10 secretion in response to stimulation®~'. However, several
animal and human studies have cast doubt on the effect of G6PD-d on IL-
10 secretion. PBMCs from G6PD-d infants showed no difference in IL-10
secretion compared to controls following toll-like receptor (TLR)
stimulation®. Similarly, other in vitro studies of G6PD-d mouse
demonstrate no difference in the production of IL-10 by
macrophages™ . Upperman ii identified a significantly higher frequency
of low-producing IL-10 genotypes in G6PD-d individuals that may
explain the discrepancy between the results from human and mouse
studies™. (Fig. 2c) Therefore, while more mouse studies are needed, IL-10
may represent a confounding variable in human studies of G6PD-d
in ASCVD.

Role of G6PD-deficiency-mediated RBC hemolysis in ASCVD
Any discussion of the potential impact of G6PD-d on ASCVD would be
incomplete without considering how the predominant hemolytic pheno-
type may contribute to worsened disease. Although most individuals with
G6PD variant alleles are asymptomatic with no detectable hemolysis at
baseline, RBCs do accumulate oxidative damage at an accelerated rate over
time''. Destruction of oxidatively-damaged RBCs is accomplished extra-
vascularly by macrophages in the reticuloendothelial system™. However,
upon exposure to powerful pro-oxidant stimuli such as dapsone or pri-
magquine, acute extravascular and then intravascular hemolysis can occur
leading to the release of heme and free iron into the local intravascular
environment”. Hyperlipidemia is a prevalent source of oxidative stress that
has been shown to increase red cell fragility and induce hemolysis, though
the extent to which it may induce chronic low-grade intravascular hemolysis
in a G6PD-d model is uncertain™”.

In the context of intravascular hemolysis, free iron released locally can
directly produce ROS through participation in Fenton reactions. Free heme
is known to scavenge NO, potentially exacerbating the NO deficiency
observed in G6PD-d and leading to vasoconstriction, increased vascular
permeability, uptake of LDL, immune cell recruitment, and accelerated
oxidation of LDL®. Additionally, free heme can generate the reactive
nitrogen species peroxynitrite that can further oxidative stress®". (Fig. 3a)
Consistent with a deleterious role for free iron in ASCVD, ApoE-/- mice
exposed to chronic iron overload displayed exacerbated atherosclerosis
likely secondary to VEC damage or death, which was attenuated by dietary
iron restriction or iron chelation®*.

However, as previously mentioned, intravascular hemolysis in G6PD-
d is rare. While, extravascular RBC destruction by the reticuloendothelial
system predominately occurs in the spleen and liver, RBCs have been shown
to infiltrate the vascular endothelium in early atherosclerotic plaques™.
Here, they are rapidly oxidized, recognized by scavenger receptors, and then
phagocytosed by macrophages and macrophage-like VSMCs, which
induces foam cell formation and plaque progression®. Given the effects of
G6PD-d on endothelial permeability and redox homeostasis, RBC infil-
tration into the arterial wall and transformation of RBCs into inflammatory
0xRBCs are likely both augmented. The ensuing phagocytosis of RBCs may
lead to iron overload within macrophages, which has been shown to cause
progressive macrophage dysfunction, inflammatory M1 polarization,
increased ferroptosis and exacerbated atherosclerosis™”'. Free heme has
also been shown to promote inflammatory gene transcription in macro-
phages via TLR4 and NLRP3 inflammasome signaling, which have both
been implicated in worsened atherosclerosis’ " (Fig. 3b).

Ferroptosis is a form of regulated cell death initiated by iron- or copper-
mediated lipid peroxidation. Although thoroughly reviewed in other pub-
lications, there is mounting evidence in recent years linking ferroptosis in
VECs, VSMCs and macrophages to worsened atherosclerosis®’*”". Treat-
ment of hyperlipemic mice with the ferroptosis inhibitor ferrostatin-1 (Fer-

1) significantly decreases the development of atherosclerosis in ApoE-/-
mice fed HFD for 12-16 weeks”. A corresponding role for ferroptosis in
human ASCVD is also supported by a genetic analysis of human coronary
artery plaques which demonstrated a significant positive association
between ferroptosis-related gene expression and ASCVD status***".

Cells can stave off ferroptotic fate through the use of antioxidant
pathways that largely utilize GSH, glutathione peroxidase 4 (GPX4), and
perioredoxin-thioredoxin, which all ultimately rely on NADPH for regen-
eration. Imbalance in these regulatory antioxidant mechanisms and lipid
peroxidation can eventually lead to ferroptosis™. In a murine model of renal
cell carcinoma, upregulation of G6PD and subsequent increase in NADPH
was found to inhibit ferroptosis whereas G6PD knockdown in human
hepatocellular ~ carcinoma cells increased positive regulators of
ferroptosis® ™. While these studies focus on cancer cells, they reveal that
G6PD is an important negative regulator of cell intrinsic causes of ferrop-
tosis. (Fig. 3c) G6PD-d may therefore promote proatherogenic ferroptosis
in a variety of cell types including VECs, VSMCs, macrophages, and other
immune cells even in the absence of RBC destruction.

Immune system and G6PD-deficiency

ASCVD is a chronic inflammatory disease mediated by both the innate and
adaptive arms of the immune system. Despite possibly evolving to mitigate
the risk of malaria, the exact impact of G6PD-d on different immune cells is
unclear. Accumulating evidence suggests that G6PD-d may lead to some
degree of immune dysfunction and dysregulation'*'*. In a retrospective
cohort study of 7473 G6PD-d individuals, Israel et al. found increased rates
of autoimmunity, allergy, infectious diseases, and other inflammatory dis-
eases. These findings were accompanied by increased autoimmune antibody
titers, IgG and IgA titers, and erythrocyte sedimentation rates as a marker of
general inflammation"’.

Immune cells are likely affected by G6PD-d in two major ways. First,
G6PD-d limits the production of important substrates for biosynthesis, cell
growth and proliferation. Ribose-5-phosphate is a precursor for ribonucleic
acids required for cell growth, proliferation, and transcription. Likewise,
NADPH is necessary for many reductive biosynthetic pathways including
those generating fatty acids, nucleotides, and amino acids, all of which are
also necessary for growth, survival, and proliferation'>*’. (Fig. 4a) G6PD is
commonly overexpressed in many myeloid and lymphoid malignancies
leading to improved proliferation, but this effect can be abrogated by
pharmacologic inhibition of G6PD¥. Thus, G6PD-d may modulate
immune functions by limiting rapid lymphocyte proliferation and differ-
entiation that are key components of adaptive immunity.

Another possible way in which G6PD-d may affect immune cells is
through altering redox homeostasis. Without enough NADPH, cells lack
sufficient GSH to aid in the neutralization of toxic ROS. Accumulation of
oxidative stress secondary to G6PD-d has accordingly been shown to
increase the propensity for cell death”*. While NADPH is essential to
regenerate most key antioxidant molecules, it also plays an important role in
generating ROS through the action of NADPH oxidases (NOX). (Fig. 4a, b)
NOX family enzymes are widely known for their role in oxidative burst
utilized by neutrophils and macrophages to kill phagocytosed pathogens.
Yet, accumulating evidence also highlights the ability of NOX family
enzymes to modulate various immune cell effector functions through the
production of ROS that alter signaling cascades and subsequent gene
transcription® .

While the role of ROS as second messengers has been thoroughly
reviewed in previous publications, we will broadly introduce the topic as
ROS may have a significant role in the immune phenotypes observed in
G6PD-d. Most evidence supports an activating and proinflammatory role
for ROS in immune cells and nonimmune cells, including VEC and
VSMC*%9%92% However, the outcomes of ROS-protein interactions are
complex and dependent on several contextual factors including the con-
centration and type of ROS, the cell type, and the specific signaling pathways
that are altered. Ligand-interactions with several immune cell surface
receptors have been shown to induce controlled fluxes in ROS through the
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Fig. 3 | Red blood cell phenotype of G6PD-d and potential related mechanisms to
explain increased CVD. G6PD-d can lead to both intravascular and extravascular
red blood cell (RBC) destruction. a Although minimal, acute intravascular hemolysis
can occur when G6PD-d individuals consume pro-oxidant medications or poten-
tially due to chronic pro-oxidant stressors such as hyperlipidemia. Hemolysis
releases heme and iron into the intravascular space. Free heme can chelate NO,
thereby reducing bioavailable NO, and can directly generate powerful reactive
nitrogen species (ONOO', peroxynitrite). Together, these can worsen VEC oxidative
stress as well as the NO-depleted phenotype previously discussed (vasoconstriction,
vascular permeability, leukocyte adhesion, VSMC proliferation, LDL clearance).

b Extravascular destruction of oxidatively-damaged RBCs by the reticuloendothelial
system accounts for a majority of RBC destruction in G6PD-d. Increased vascular

permeability due to NO-depletion may increase RBC infiltration into the vascular
endothelium where RBCs are further oxidized (oxRBC). Macrophage (M¢) con-
sumption of 0xRBCs and subsequent iron overload may lead to foam cell formation
as well as inflammatory M¢ formation with associated proinflammatory cytokine
secretion. ¢ Free iron exposure (VEC) and 0xRBC consumption may increase cel-
lular propensity for ferroptosis. Ferroptosis is an iron-dependent form of cell death,
mediated by the formation of polyunsaturated fatty acid (PUFA) lipid peroxides,
that has been linked to atherogenesis. Additionally, G6PD acts as an important
mediator of cellular defenses against ferroptosis by regenerating GSH and glu-
tathione peroxidase 4 (GPX4). G6PD-d may thereby hinder anti-ferroptotic
mechanisms.

activation of NOX family enzymes as well as mitochondrial enzymes
(complexes I and III of the electron transport chain). These receptors
include, but are not limited to, the Toll-like receptor (TLR) family, the T cell
receptor (TCR), and the B cell receptor (BCR). The ROS produced upon
engagement of these receptors can then alter downstream signaling by
oxidizing specific cysteine residues within a variety of intracellular proteins
including protein kinases, protein phosphatases, adaptor proteins, calcium
channels, and transcription factors. Examples of such signaling proteins that
can be influenced directly or indirectly by ROS modifications include
MAPK (ERK, JNK, p38), IKkB/NF«B, PI3K/AKT, IP;R/Ryanodine recep-
tor, and the NLRP3 inflammasome™”~** (Fig. 4c).

ROS derived from NOX family enzymes are inherently dependent
on NADPH produced by G6PD while mitochondrial ROS, for example,
are largely NADPH-independent. Therefore, depletion of NADPH
stores in G6PD-d has the potential to both limit the production of ROS
by NOX family enzymes, while simultaneously expediting the accu-
mulation of ROS from non-NADPH-dependent sources, such as the
mitochondrial electron transport chain, peroxisomal B-oxidation,
oxidative protein folding, and other cytoplasmic enzymes (xanthine
oxidase, cyclooxygenase, lipoxygenase)’”. (Fig. 4b) Whether these

accumulated ROS can alter signal transduction has not been examined
in the context of G6PD-d.

Throughout the following sections, we will propose the potential for
two opposing effects of G6PD on immune cells. In the setting of acute
stimulation, signaling may be dampened due to the lack of NADPH
necessary for NOX function. The biosynthetic limitations imposed by
G6PD-d may also limit proliferation, differentiation, and survival required
for an effective immune response. Alternatively, ROS accumulation in
response to ongoing physiologic and pathologic stressors may prime cells
toward inflammation. These seemingly paradoxical effects may be one
explanation for why patients with G6PD-d display increased susceptibility
to infection indicative of an impaired immune response, while also dis-
playing increased autoimmunity and inflammation indicative of an over-
active immune system". In the following sections, we will use this
framework to examine emerging evidence of the impact of G6PD-d on three
major ASCVD-mediating immune cells: macrophages, T cells and B cells.

Myeloid compartment
Monocytes/Macrophages and ASCVD. Classical monocyte-derived
macrophages are important in the early steps of atherogenesis as they
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Fig. 4 | ROS as important mediators of immune cell signaling. a G6PD is
important for the generation of NADPH and ribose-5-phosphate (R5P). These
molecules support several reductive biosynthetic pathways including fatty acid,
amino acid and nucleotide biosynthesis. In turn, these processes support cellular
growth and proliferation. GGPD-d therefore may hinder growth and proliferation.
b ROS are generated by NADPH-dependent and NADPH-independent processes.
For example, NADPH oxidases (NOX) generate NADPH-dependent ROS while
mitochondrial membrane proteins (i.e. complexes I and III), peroxisomal
B-oxidation, and various other enzymes generate NADPH-independent ROS.
Glutathione and thioredoxin represent two important antioxidant molecules that

proinflammatory
signaling

resolve accumulated ROS and rely on a functional G6PD enzyme for regeneration.
¢ ROS are generated upon engagement of several immune cell receptors including
toll-like receptors (TLR), B cell receptors (BCR), and T cell receptors (TCR). ROS
from different sources can affect protein phosphatases, kinases and transcription
factors, ultimately altering several different signaling pathways. Examples of such
signaling pathways, proteins or protein complexes that have been shown to be
influenced by ROS include NFkB, MAPK, PI3K and NLRP3. Thus, ROS have the
potential to influence immune cell function through modification of signaling. The
examples included are not exhaustive.

contribute significantly to the creation of an inflammatory micro-
environment. Circulating monocytes are recruited to sites of inflamma-
tion by cell adhesion molecules and chemoattractants, which are known
to be upregulated at baseline in G6PD-d**”. Upon recruitment to
developing plaques, monocytes encounter many inflammatory stimuli
such as damage associated molecule patterns (DAMP), oxLDL, and IFNy
that trigger inflammatory cascades after engagement with toll-like

receptors (TLR), scavenger receptors and cytokine receptors, respec-
tively. Depending on the signals received in the plaque microenviron-
ment, recruited monocytes can assume variety of macrophage identities
including inflammatory macrophages, aortic intima-resident macro-
phages (Mac*™), and type I interferon-inducible cells. These subsets are
all considered proatherogenic’. Monocyte-derived macrophages,
inflammatory macrophages and TREM2+ macrophages can also form
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foam cells due to the intracellular accumulation of lipids. Inflammatory
macrophages are the major contributor to necrotic core formation, yet
TREM2+ macrophages have recently been shown to have low expression
of inflammatory genes and a beneficial role in atherosclerosis”'”. In
response to lipid accumulation and inflammatory signals, VSMCs can
also differentiate into pro-inflammatory macrophage-like cells and foam
cells that contribute to plaque growth'”. Broadly speaking, inflammatory
macrophages increase production of proinflammatory cytokines IL-6,
TNFa, IL-1p, and type I interferons that create a harmful feedforward
immune cell recruitment-activation cycle*”*'**'”, In contrast, some
macrophages are considered anti-inflammatory as they are primarily
responsible for efferocytosis of dead cells and debris to limit plaque
formation. In the face of foam cell buildup and excessive cell death,
efferocytes can become overwhelmed, leading to the loss of ather-
oprotective effector functions, cell death, and the release of pro-
inflammatory DAMPs, which all augment the proatherogenic
environment’. Failure of efferocytosis has been shown to worsen the

development of atherosclerotic plaques'®.

G6PD-Deficiency in Monocytes and Macrophages. Parsanathan et al. found
that G6PD-d alone may worsen baseline inflammation in monocytes and
macrophages. Interestingly, this effect is augmented by the presence of
hyperglycemia, indicating that comorbid diabetes may enhance the proa-
therogenic phenotype of G6PD-d. In their study, human-derived mono-
cytes were treated with either PMA, pharmacologic G6PD inhibitor 6-AN,
G6PD-silencing siRNA, siRNA + hyperglycemia, or hyperglycemia alone
and then inspected for changes in monocyte polarization without an
immunogenic stimulus. While the G6PD-d monocytes displayed the phe-
notypic hallmarks of M2 polarization (CD11b, CD209 expression), these
cells were functionally deficient in M2 atheroprotective TGFp and had
increased expression of proinflammatory M1 cytokines TNFa and MCP-1.
NOX activity and ROS were notably increased in the G6PD-d groups as
well. Altogether, these data support the hypothesis that G6PD-d drives ROS
accumulation and may thereby amplify proinflammatory signaling or gene
transcription in the absence of an acute stimulus®. While increased NOX
activity may drive ROS production in the setting of sufficient NADPH
stores, other NADPH-independent ROS may represent a more abundant
alternative source of oxidative stress in this model of G6PD-d. (Fig. 5a) The
source of ROS and the mechanism by which these ROS drive possibly drive
this proinflammatory phenotype therefore warrant further investigation.

As previously stated, G6PD-d promotes cell death by reducing the
ability to cope with oxidative stress and to produce the macromolecules
needed for proliferation and cellular repair'>”. When macrophages
encounter efferocytic stimuli, glucose is preferentially shunted to the PPP to
counter the oxidative stress caused by efferocytosis. In doing so, the PPP also
supports continual efferocytosis. When G6PD is inhibited in murine cells
both in vivo using 6-AN or knockdown, or in vitro using 6-AN or a novel
selective small molecule inhibitor of G6PD (G6PDi-1), efferocytosis of
apoptotic cells is significantly diminished'”""'””. Without a fully functioning
PPP, intraplaque cellular death is likely increased and the ensuing ather-
oprotective process of efferocytosis may be dysfunctional. Additionally,
when outpaced by excessive debris accumulation from intraplaque cell
death, efferocytes die, leading to the release of inflammatory DAMPS and
unhindered necrotic core formation’. Together, increased intraplaque cel-
lular death and dysfunctional efferocytosis as a result of G6PD-d may
accelerate plaque growth, necrotic core formation and the development of
an inflammatory plaque microenvironment'**'”” (Fig. 5b).

Sufficient G6PD activity appears to be crucial for inflammatory mac-
rophage function as well. In vitro stimulation of human and murine mac-
rophages and monocytes have demonstrated a proinflammatory effect of
G6PD overexpression and a corresponding dampened response with
G6PD-d'". G6PD overexpression has been shown to enhance p38 MAPK
and NFkB signaling through the production of ROS by NOX. In doing so,
G6PD increases the production of proatherogenic cytokines including IL-6,
TNFa, IL-1B, and MCP-1 when stimulated. Likewise, siRNA knockdown

and pharmacologic inhibition of G6PD reduce the observed proin-
flammatory phenotypes in vitro when stimulated'”"""”. Furthermore,
PBMCs derived from G6PD-d donors and G6PD-knockdown human
monocytes displayed reduced signaling through the NLRP3 inflammasome,
p38 MAPK and c-Fos caused by decreased modulatory NADPH-dependent
ROS. This reduced the production of pro-atherogenic IL-1p'".

The conflicting phenotypes in G6PD-d monocytes and macrophages
highlight the difficulty in extrapolating in vitro data to living organisms. It is
evident that there is a great deal of variability in phenotypes observed based
on the presence or absence of stimulation, as well as in the type of macro-
phage examined. Thus, it is imperative that more in vivo studies focusing
specifically on atherosclerosis are done to better understand how monocyte
and macrophage biology is altered in the setting of G6PD-d.

Lymphoid compartment

T Cells in atherosclerosis. T cells are important adaptive immune
regulators of atherosclerosis, demonstrating both atheroprotective and
proatherogenic effects depending on the specific T cell subset. While the
exact of roles of CD8 + T cells as well as many of the CD4 + T cell subsets
(i.e. T2, Ty17, T,22, and T4, cells) remain controversial, there is a pro-
pensity of evidence to support a clear proatherogenic role for Ty,1 cells
and an atheroprotective role for Tregs. T,1 cells promote lesion devel-
opment and plaque instability through the production of proin-
flammatory IFNy and TNFa. Tregs limit plaque progression and
promote plaque stabilization through the production of immunosup-
pressive cytokines TGFp and IL-10**. However, Tregs can also adopt an
inflammatory effector-like phenotype and lose their suppressive capacity
due to chronic inflammation, metabolic reprogramming, tissue-speciﬁc
reprogramming, and possibly insufficient IL-2 signaling'**''*. These so-
called “exTregs” lose Foxp3 expression and are thought to be proa-
therogenic given the loss of their atheroprotective suppressor functions
and the initiation of proinflammatory cytokine secretion”. In addition to
Tyl cells and exTregs, the T follicular helper (Tg,) subset is also con-
sidered proatherogenic as these cells can direct humoral immunity
toward a proinflammatory autoimmune phenotype through the pro-
duction of IL-21. In contrast, the T;,2 subset has a largely atheroprotective
effect mediated by IL-5, which enhances the atheroprotective functions of
BI1 cells that will be discussed later, as well as IL-13, which promotes
plaque stabilization. Ty2 cells can produce IL-4 as well which has a
controversial role in atherosclerosis. T,17 and Ty,22 cells, meanwhile,
have been observed to display atheroprotective and proatherogenic
effects and therefore warrant continued investigation. CD8 + T cell
populations have been detected within human and murine athero-
sclerotic plaques. Like T,,17 and Ty,22 cells, both atheroprotective and
proatherogenic roles for CD8 + T cells have been documented. A
population of regulatory CD8 + T cells may protect against plaque
development by selectively killing immune cells that contribute to the
overall inflammatory microenvironment. Conversely, another subset of
CD8 + T cells can augment vascular inflammation through the pro-
duction of IFNy and TNF, and worsen plaque instability by killing
VSMCs and VECs™.

G6PD-Deficiency in T cells. Based on what has been presented until this
point, one may hypothesize how extrinsic signals from other G6PD-d cells
might direct a T cell contribution to ASCVD. G6PD-d stimulates VECs to
upregulate expression of chemoattractants and leukocyte adhesion mole-
cules that could drive T cell recruitment to plaques™**'"". T cells that have
been recruited to atherosclerotic plaques likely experience increased cell
death, which may further stress efferocytes and contribute to an inflam-
matory microenvironment”*, Additionally, the increased M1 polarization
observed by Parsanathan et al. has the potential to skew peripheral T cell
differentiation toward a T},1 predominance through the secretion of M1-
derived cytokines, such as IL-12 and IFNy™.

Unlike the studies done by Parsanathan et al. on G6PD-d in monocytes
and macrophages, there have been no studies to investigate whether G6PD-
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Fig. 5 | Proposed effects of GGPD-d on macrophage function in ASCVD. a G6PD-
d monocytes accumulate ROS at baseline that paradoxically upregulate NOX.
G6PD-d monocytes may be polarized to an M1-like phenotype characterized by the
production of proinflammatory TNFa and MCP-1. Concurrently, reduction in M2
polarization may reduce anti-inflammatory TGFp expression. This effect of GGPD-d
would be proatherogenic though further studies are needed. b Plaque resident
macrophages normally clear foam cells and debris from atherosclerotic plaques
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through efferocytosis, thereby preventing plaque growth and necrotic core forma-
tion. This process is inherently oxidative and relies on GGPD/PPP to maintain both
redox homeostasis and continual efferocytosis. In G6PD-d, efferocytes may there-
fore be more prone to oxidative damage and death. Efferocyte death impairs
clearance of apoptotic cells and debris while also increasing inflammation through
the release of DAMPs. Further studies are needed to assess this effect in the setting of
atherosclerosis.

d results in a similar proinflammatory T cell phenotype in the absence of
stimulation. However, like the literature on G6PD-d in monocytes and
macrophages, it is evident that G6PD-d hinders the function of inflam-
matory T cells when stimulated. Ghergurovich et al. demonstrated that
T cells increase flux through the PPP upon activation and that activated
murine CD8+ and CD4 + T cells rely predominantly on G6PD for the
production of NADPH. Treatment with a novel selective small molecule
inhibitor of G6PD (G6PDi-1) prior to T cell restimulation consequently
blocked the production of proatherogenic cytokines TNFa and IFNy by
CD8+ T cells as well as IL-2 and TNFa by CD4 + T cells. (Fig. 6a, b)
Delaying G6PDi-1 treatment for 1h post-stimulation allowed for sub-
stantial cytokine production, indicating that G6PD and the PPP likely play
an important role in the early signaling events following stimulation. Similar
to what is observed in monocytes and macrophages, GGPD-d may limit the
production of NADPH-dependent ROS that act as second messengers to
enhance NFAT, AP-1, and NFkB signaling®*"'*'”". G6PD-d may conse-
quently hinder activation, differentiation, proliferation and the expansion of
Th1 and CD8 + T cells during acute stimulation®''*'"*. In contrast to the

CD4+ and CD8 + T cell phenotypes observed, Ghergurovich et al. noted
that the atheroprotective suppressor functions of CD4 + /CD25+ Treg cells
were not affected in their model""’. These in vitro results have been further
validated in murine models of malaria infection and rheumatoid arthritis,
where G6PD-d or inhibition leads to less severe proinflammatory responses
to stimulation marked by reduced Th1 and Th17 differentiation, decreased
proatherogenic cytokines IL-1B, IL-6, IL-12, and TNFaq, and no impact on
IL-10 and TGF (classically Treg-derived)'*"'**. However, these models are
poor substitutes for in vivo models of atherosclerosis that involve different
stimuli, immune populations, and timing.

While suppression of the proatherogenic Ty,1 subset may confer some
protection from atherosclerosis in G6PD-d, it is necessary to determine
whether the other T cell subsets, particularly the atheroprotective subsets,
are similarly affected. The overall effect of cytotoxic CD8 + T cells depends
on which cells they target’. Given G6PD is an important metabolic immune
checkpoint that supports granzyme B expression in CD8 + T cells, their
cytotoxic function may be impaired'”. (Fig. 6b) While this would impair
killing of VSMC and VEC, which could help prevent ASCVD progression, it
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Fig. 6 | Proposed effect of G6PD-d on T cell function in ASCVD. G6PD-d has
generally been shown to reduce cytokine production by T cells. The impact of this
effect on atherosclerosis would be dependent on whether proatherogenic or ather-
oprotective T cell subsets, and their cytokine production, are affected more. a T}, 1
and Ty, cells are considered proatherogenic. Given a reduction in their cytokines
would be atheroprotective, the CVD phenotype of G6PD-d would likely not be
driven by changes in these cells. b Similar to Ty,1 and Ty, cells, CD8 + T cell
expression of TNFa and IFNYy is reduced by G6PD inhibition and would be ather-
oprotective. G6PD activity also supports granzyme B production. Reduction in
granzyme B-mediated destruction of VSMCs and VECs would be atheroprotective,

but impaired killing of inflammatory T cells and APCs may represent a potential
proatherogenic mechanism of G6PD-d. ¢ The roles of T;,2, T,17 and T},22 cells in
atherosclerosis are unclear with both atheroprotective and proatherogenic functions
reported. Like T,1 and CD8 + T cells, GGPD-d may limit cytokine production by
these subsets but the impact of atherosclerosis depends on whether the proathero-
genic or atheroprotective functions are relatively more impaired. d Tregs produce
atheroprotective IL-10 and TGFp. However, G6PD-d increases chronic inflamma-
tion and reduces Tj,1 production of IL-2. Both of these conditions may result in
proatherogenic exTreg formation.

would similarly prevent CD8 + T cells from suppressing inflammatory
CD4 + T cells, APCs that promote immune activation, and plasma cells that
produce inflammatory IgG™. (Fig. 6b) Meanwhile, the atheroprotective
effect of T},2 cells depends on production of IL-5 and IL-13. Given these cells
are also CD4 + T cells like those studied by Ghergurovich et al., it is possible
that production of these cytokines is impaired like their Tj,1 counterparts.
(Fig. 6¢) Although Tregs were noted to be unaffected by G6PD-d during
in vitro and in vivo experiments, these studies did not examine the presence
or function of exTregs. Ghergurovich et al. noted that IL-2 production was
reduced by G6PD inhibition and Israel et al. found significantly increased
markers of inflammation in human subjects with G6PD-d. These envir-
onmental signals, along with possible metabolic reprogramming secondary
to G6PD-d, could be enough to promote proatherogenic exTreg differ-
entiation. (Fig. 6d) Overall, further investigation in an in vivo model of
atherosclerosis will be crucial to understanding how G6PD-d disrupts the
balance of these proatherogenic and atheroprotective T cell effects.

B cells in ASCVD. B cells are highly dynamic regulators of athero-
sclerosis, influencing plaque development and progression through the
secretion of cytokines and antibodies. While the role of B cells in ASCVD
has been reviewed thoroughly elsewhere, we will briefly summarize with a
focus on antibody producing functions™*'*. There are two main classes of

B cells in mice-- B1 and B2. Bl cells arise from the fetal liver and adult
bone marrow but reside and self-renew through homeostatic prolifera-
tion primarily in the peritoneal and pleural cavities. Upon stimulation via
TLR or BCR signaling, Bl cells produce natural IgM in a T cell-
independent manner. Oxidation specific epitopes (OSE) present on the
surface of oxLDL are major targets for natural IgM (IgM®*"). These
IgM°% bind to and facilitate the clearance of oxLDL from plaques while
also blocking the OSEs from acting as inflammatory DAMPs. As a result,
IgM°* have been shown to reduce atherosclerosis in mice and to be
inversely associated with coronary artery disease and coronary events in
humans'~"*". B1 cells can be further subdivided into Bla (CD5") and
B1b (CD5’) cells. Bla cells express germline-encoded natural IgM with
little to no affinity maturation, resulting in IgM that is broadly specific
and low-affinity for many self-antigens (including oxLDL). B1b cells are
able to undergo somatic hypermutation and therefore have a more
expanded IgM repertoire that is primarily secreted following stimulation
through a TLR or BCR™'*".

B2 cells are divided into marginal zone (MZB) and follicular (FoB) B
cells. Like B1 cells, MZB cells produce T cell-independent natural IgM*®
that has undergone somatic hypermutation and affinity maturation™'*.
While there is debate about whether a human correlate to B1 cells exists, our
group recently described a CD27 "' IgM"CD24™ MZ-like B cell population in
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the peripheral circulation of humans that produces IgM°* and correlates
with atheroprotection'”. In contrast to B1 and MZB cells, FoB cells are
largely considered pro-atherogenic and produce high affinity IgG°*. In
contrast to the IgM°* produced by B1 and MZB cells, the role of IgG®** in
atherosclerosis is less clear and may depend on the subtype of IgG. Some IgG
subtypes form immune complexes with oxLDL that stimulate an inflam-
matory macrophage response and thereby worsen plaque development,
while others may be atheroprotective™**"** (Fig. 7a).

G6PD-Deficiency and PPP in B cells. While limited in generalizability to B
cells, one study of antibody production in industrial fed-batch hamster

ovarian carcinoma cells demonstrated peak flux through the PPP during the
late exponential phase of IgG production and sustained PPP activity
through the stationary and decline phases. Peak production was also
accompanied by increased oxidative metabolism, increased NADPH con-
sumption, and decreased GSH. This indicates that the PPP has an important
role in antibody production, likely by maintaining redox homeostasis
during a time of heightened oxidative metabolism. As noted by the authors,
GSH can also directly participate in the formation of disulfide bonds
necessary for antibody production and NADPH is necessary for continual
lipid rearrangement required for Ig secretion'**'”*. In a study by Brookens et
al.,, when the PPP was inhibited in murine splenic B cells by DHEA or 6-AN,
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Fig.7 | G6PD-d and B cells in ASCVD. a B cell subsets can be atheroprotective (Bla,
B1b, MZB) or proatherogenic (FoB). Atheroprotective B cells produce IgM to oxi-
dation specific epitopes (IgM ). Proatherogenic FoB cells produce IgG (IgG®*")
which can form immune complexes with oxLDL that promote inflammatory
macrophage responses or may sequester and clear oxLDL, depending on the IgG
subclass and its receptor. In G6PD-d, plasma cell differentiation, IgM°*" and IgG**
may all be reduced due to b impaired ROS production following BCR/TLR
engagement and ¢ impaired redox homeostasis inhibiting proper oxidative protein
folding. d ROS may also inhibit BLIMP-1 expression, which is critical in promoting
plasma differentiation and IgM production. e Bla and B1b cells require fatty acids

(FA) to sustain self-renewal and survival. They acquire a significant proportion of FA
through autophagy. However, in G6PD-d, deficient NADPH leads to reduced FA
synthesis and accumulation of ROS due to insufficient GSH. ROS accumulation may
then impair autophagy. Together, these factors may contribute to reduced self-
renewal of important atheroprotective B cells. The increased ROS may also inhibit
B1 migration to sites that support [gM®** production (i.e. spleen). Lastly, ROS may
disproportionately promote cell death or ferroptosis in atheroprotective B1 and
MZB cells given these subsets are uniquely susceptible to lipid peroxidation com-
pared to proatherogenic FoB cells.
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production of IgM (only by 6-AN) and IgG1 (by DHEA and 6-AN) fol-
lowing LPS stimulation decreased in a dose-dependent manner. While ROS
were also increased by day 2 post-stimulation, restoration of PPP activity
and redox homeostasis using galactose by 48 h did not restore antibody
production so long as glycolytic flux was suboptimal. While this could
indicate that flux through the PPP is necessary to compensate for oxidative
processes downstream of glycolysis, it is also possible that optimal PPP flux
is needed during the initial steps of activation. CD138+ plasma cell dif-
ferentiation was also increased by PPP activity but was inhibited, along with
proliferation, during DHEA or 6-AN treatment'*. Together, these data
indicate that antibody production and plasma cell differentiation are
inversely related to G6PD activity. How this might affect the risk of ASCVD
is dependent on whether atheroprotective IgM production or proathero-
genic IgG production is more significantly affected. Unfortunately, no data
is available to answer this question in the context of hyperlipidemia
(Fig. 7a—c).

As with T cell and myeloid functions, ROS play a significant role in
antibody production by regulating BCR (and likely TLR) signaling and
transcriptional control. Studies by Feng et al. and Wheeler et al. demon-
strated that following BCR engagement, NOX family enzymes are tran-
siently activated to create two controlled peaks in ROS. The first, mediated
by NOX2, may negatively regulate T cell-dependent antibody production.
The second peak, mediated at least in part by NOX1, NOX3 and mito-
chondrial enzymes, results in prolonged signaling through PI3K, NF-kB,
and AKT. As was observed previously with pharmacologic G6PD inhibi-
tion, these ROS impaired plasma cell differentiation and antibody pro-
duction in splenic B cells. This effect was reversed by deletion of NOX1-4,
NOX3 alone, or treatment with the ROS scavenger N-acetyl cysteine (NAC).
(Fig. 7b) In contrast to the previous study that showed reduced proliferation
with high ROS secondary to G6PD inhibition, proliferation in this study was
increased when ROS were increased in the setting of normal G6PD activity.
This further highlights the important biosynthetic role of G6PD in cell
survival and proliferation®””*”*, Repression of Blimp-1 may represent one
potential explanation for the effect of G6PD-inhibition on differentiation
and antibody production. In the setting of high ROS, as is seen with G6PD-
inhibition, heme production has been shown to be impaired'”’”. Heme is an
important inhibitor of BACH2, which represses transcription of Blimp-1'**.
By impairing heme production, high ROS can increase BACH2-dependent
Blimp-1 repression. The consequent low production of BLIMP-1 decreases
plasma cell differentiation and antibody production, which mirrors the
effect of increased ROS on splenic B cells observed both with and without
G6PD inhibition'”""* (Fig. 7d).

Peritoneal B1 cells are metabolically distinct from splenic FoB cells,
relying on high levels of TCA, glycolysis and oxPPP to sustain homeostatic
self-renewal at least in part through significant lipid metabolism'*'. MZB
cells also rely disproportionately on lipid metabolism when compared to
FoB cells, suggesting that lipid metabolism is important for natural antibody
production'”. In Bla cells, homeostatic autophagy supports fatty acid
synthesis and impairment in either leads also to Bla cell death'"'. Three
potential implications for G6PD-d in atheroprotective B cells arise from this
dependence on fatty acid synthesis. First, GGPD-derived NADPH is a
necessary cofactor for fatty acid synthesis and deficiency in NADPH may
therefore lead to impairment and cell death. Second, autophagy is inhibited
by ROS™. In the setting of chronic ROS accumulation, B1 cells may
experience impaired autophagy leading to inhibited homeostatic pro-
liferation or death. Third, given their reliance on lipid metabolism, B1 and
MZB cells are extremely susceptible to lipid peroxidation and subsequent
ferroptosis secondary to ROS accumulation'”. G6PD-d may therefore
disproportionately affect B1 and MZB cells, giving rise to deficits in [gM®**
while not having as much of an impact on proatherogenic FoB cells. Finally,
B1 cells need to migrate to niches that support antibody production in order
to increase secretion of IgM°*. G6PD inhibition has been shown to impair
cellular migration through ROS-dependent inhibition of protein phos-
phatases involved in cytoskeletal rearrangement, suggesting that chronic

ROS accumulation in G6PD-d may inhibit B1 migration necessary for
IgM°% production”"**'** (Fig. 7e).

Altogether, both atheroprotective and proatherogenic antibody pro-
duction may be impaired by G6PD-d. However, there may be a dis-
proportionate impact on atheroprotective IgM production by B1 and MZB
cells due to the unique metabolic needs and functions of these subsets.
Again, further investigation using in vivo models of atherosclerosis will be
essential to understanding how G6PD-d in B cells affects ASCVD risk.

Concluding remarks

Although epidemiological evidence suggests that G6PD-d worsens
atherosclerosis, the mechanisms by which this occurs are unknown.
G6PD-d has the powerful potential to yield both atheroprotective and
proatherogenic outcomes through its effects on cell survival, pro-
liferation, activation, and cellular signaling in RBCs, VECs, VSMCs
and different immune cell subsets. A careful examination of the impact
of G6PD-d on each of the key players in atherogenesis is overdue and
likely on the horizon. Furthermore, understanding the effect of varying
levels of G6PD activity on each of the key immune players in ASCVD
will be crucial to developing targeted G6PD-immunomodulatory
therapies and predicting ASCVD risk in patients. Many of the
experiments reviewed here rely on pharmacologic G6PD inhibition or
G6PD siRNA knockdown. While pharmacologic inhibition may not
induce enough inhibition, G6PD knockdown may go too far, and
neither recapitulates the protein instability that is characteristic of
human G6PD-d. Thus, more models using humanized mice and
donated patient samples will be critical in future experiments. This
review is not comprehensive as we only focused on a subset of the
immune cells known to modify ASCVD and were only able to broadly
cover ROS modification of signaling as it likely pertains to G6PD-d. In
reality, G6PD-d, immunity, ROS, ferroptosis, and ASCVD are all
complicated topics alone and even more so when exploring the con-
nections among them. We hope this review provides a starting point on
which future publications can build and deepen our understanding of
these important topics.
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