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Metal-coding assisted serological multi-omics
profiling deciphers the role of selenium in COVID-
19 immunityy

i '.) Check for updates ‘

Cite this: Chem. Sci., 2023, 14, 10570

8 All publication charges for this article
have been paid for by the Royal Society ‘
of Chemistry Ying Zhou, © + Shuofeng Yuan,°® Fan Xiao,1® Hongyan Li,? Ziwei Ye,
Tianfan Cheng,® Cuiting Luo,” Kaiming Tang,” Jianpiao Cai,” Jianwen Situ,”
Siddharth Sridhar,P<®" Wing-Ming Chu,' Anthony Raymond Tam,' Hin Chu,?
Chi-Ming Che, @2 Lijian Jin, 9 lvan Fan-Ngai Hung, " Liwei Lu,®

Jasper Fuk-Woo Chan @ **<4Mk 3nd Hongzhe Sun @ *2

Uncovering how host metal(loid)s mediate the immune response against invading pathogens is critical for
better understanding the pathogenesis mechanism of infectious disease. Clinical data show that imbalance
of host metal(loid)s is closely associated with the severity and mortality of COVID-19. However, it remains
elusive how metal(loid)s, which are essential elements for all forms of life and closely associated with
multiple diseases if dysregulated, are involved in COVID-19 pathophysiology and immunopathology.
Herein, we built up a metal-coding assisted multiplexed serological metallome and immunoproteome
profiling system to characterize the links of metallome with COVID-19 pathogenesis and immunity. We
found distinct metallome features in COVID-19 patients compared with non-infected control subjects,
which may serve as a biomarker for disease diagnosis. Moreover, we generated the first correlation
network between the host metallome and immunity mediators, and unbiasedly uncovered a strong
association of selenium with interleukin-10 (IL-10). Supplementation of selenium to immune cells
resulted in enhanced IL-10 expression in B cells and reduced induction of proinflammatory cytokines in
B and CD4" T cells. The selenium-enhanced IL-10 production in B cells was confirmed to be attributable
to the activation of ERK and Akt pathways. We further validated our cellular data in SARS-CoV-2-infected
K18-hACE2 mice, and found that selenium supplementation alleviated SARS-CoV-2-induced lung
damage characterized by decreased alveolar inflammatory infiltrates through restoration of virus-
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public health worldwide.> Severe COVID-19 disease is
characterized by immunopathology caused by cytokine dys-
regulation in addition to direct virus-induced damage.’
Recent studies have revealed a number of factors that drive

Introduction

The COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) poses a huge threat to
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COVID-19 severity including the host genetic code,* and
impaired metabolic pathways.® By using different omics
techniques, we and others have also identified other host
factors such as lipids, proteins, and metabolites that play
biologically important roles in the pathogenesis of COVID-
19.%'° However, the pathogenesis and potential host targets
that can serve as intervention strategies remain largely
unclear.

Metal(loid)s are essential components of all forms of life,
and serve as catalytic cofactors in almost half of all known
enzymes.'"'” They are also closely associated with multiple
diseases if dysregulated.**** Increasing evidence shows that
metals and metalloids, e.g. Zn, Mn, K, Fe, Ca, and Se, are also
involved in both the innate and adaptive immunity of the host
including inflammatory response and antiviral immunity.'***
On the other hand, metal ions are also critical factors for the
survival and replication of viruses. For example, Zn>', Fe?"/**
and Mn”" are required for proper functions of several non-
structural proteins in SARS-CoV-2.>*7* Certain nutritional
metal ions (e.g. Zn>*) were also reported to exert direct anti-
viral activity against COVID-19 through inhibition of its
replication.

Moreover, it is increasingly recognized that serum metal(-
loid)s levels such as Zn, Se and Ca are closely related to the
severity and even mortality of COVID-19 patients, and may
serve as a risk factor of COVID-19 severity.*»***' However, the
underlying mechanisms are largely unknown. A comprehen-
sive understanding on how SARS-CoV-2 infection impairs the
host metallome and how metal(loid)s are involved in COVID-
19 pathophysiology and immunopathology may facilitate
therapeutic intervention for COVID-19. Herein, we perform
comprehensive serological profiling of metallome and
immunoproteome using our recently established metal-
coding assisted multiplex proteome assay platform**
(Scheme 1) to uncover the roles that metal(loid)s play in
COVID-19 immunity, the disease prognosis, intervention and
mechanistic insights.
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Results

Metal fingerprint-based serological metallomic and proteomic
profiling deciphers the metallome and immune response to
SARS-CoV-2 infections

To investigate how the host metallome and immune system
respond to SARS-CoV-2 infection, the serum levels of different
metal(loid)s (i.e., elements) and immunoproteome were quanti-
fied using inductively coupled plasma-mass spectrometry (ICP-
MS) by counting metal readouts as we described previously.*
To define the metallome response to SARS-CoV-2, we
compared the contents of different metal(loid)s, including
selenium (Se), zinc (Zn), calcium (Ca), magnesium (Mg),
potassium (K), chromium (Cr), iron (Fe), copper (Cu), molyb-
denum (Mo), and iodine (I), in the sera of non-infected controls
and COVID-19 patients with different levels of disease severity.
We observed extensive variations in the levels of multiple
elements (Se, Zn, Ca, K, Cu, Cr, and I) after SARS-CoV-2 infec-
tion and with different levels of disease severities (Fig. 1A and
S1t). Notably, the serum levels of Se, Zn and Cr were signifi-
cantly lower in COVID-19 patients than those in non-infected
controls, particularly in moderate to severe COVID-19 patients.
We next used uniform manifold approximation and projec-
tion (UMAP), an efficient dimensionality reduction approach
that has been widely applied in single-cell studies,* to evaluate
whether the metallome modulation could facilitate the
discrimination of COVID-19 patients from non-infected
controls. All the metal(loid)s variables included in this study
were used to construct a UMAP map. As shown in Fig. 1B (left),
most of the COVID-19 patients were distinctly distributed (red
dots) away from the non-infected controls (blue dots), suggesting
that the distinct metallome pattern efficiently differentiated the
two groups. Moreover, to evaluate whether the host metallome
pattern could be incorporated to acute and chronic infections
diagnosis, we compared the metallome-generated UMAP of
non-infected controls, COVID-19 patients, and another 47
patients with generalized severe periodontitis, a severe gum

Metal-metal
features of COVID-19 Interplay/Homeostasis

almdSe

Metalloimmunology

3

Health Mild Severe

- it

\ Mild
ealth A
Se:

vere )

Scheme 1 Schematic chart for metal-coding assisted serological multi-omics profiling for deciphering the metallomic and immunoproteomic

features of COVID-19.
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Fig. 1 Multiplexed serological profiling of metallome and immunoproteome using ICP-MS. (A) Comparison of different metal(loid)s among the
sera from non-infected individuals and COVID-19 patients with different levels of severities. The dashed line denotes the median value of each
parameter across all samples used in the plot. (B) UMAP map for classification of COVID-19 patients, periodontitis patients and non-infected
controls. The red, purple, and green circles represent the gates for the discrimination of COVID-19 patients, periodontitis patients and non-
infected controls, respectively. (C) Metal fingerprints showing the metallome and immunoproteome pattern in the serum of each individual.
Heatmap (D) and networks (E) of Spearman rho coefficients for the serum metallome with different types of antibodies and inflammation
mediators. Statistical significance levels are presented with asterisks. Only significant correlations (P < 0.01) are included for the construction of
correlation networks. The correlation coefficient and directionality of the correlation are pictured through line thickness and color, respectively.
The green and gray lines represent the positive and negative correlation, respectively. The blue, yellow and purple of the nodes indicate met-
allome, antibody response, and inflammation mediators, respectively. The antibody information used partial data from our earlier study.*? P
values were calculated by the ANOVA test to evaluate the statistical significance of variations among groups. 0.01 < (¥)P < 0.05, 0.001 < (**)P <
0.01, 0.0001 < (***)P < 0.001, (****)P < 0.0001.

infection. The results indicated that each group exhibited unique metallome pattern of different kinds of disease could be
unique serological metallome signatures, facilitating their possibly incorporated into clinics to facilitate the diagnosis of
differentiation (Fig. 1B, right). The results indicate that the specific disease.
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It is well recognized that the homeostatic imbalance of
different metal(loid)s tends to disrupt various biological path-
ways.”® To investigate whether SARS-CoV-2 infection affects
metal(loid) homeostasis and vice versa, we examined the
intrinsic correlations among each metal(loid) in non-infected
controls and COVID-19 patients by Spearman's rank correla-
tion test.>* The value of Spearman'’s rank correlation coefficient
(p) was applied to assess the level of association between pair-
wise parameters. We observed evident alterations of the inter-
play of intrinsic metal(loid)s-metal(loid)s after SARS-CoV-2
infection and in COVID-19 patients with different levels of
disease severity (Fig. S2A and Bt). The most pronounced vari-
ations were found in the correlations of K with Mg [pcontrol =
0.41, P < 0.0001; peovid-1o (1S)], Ca [peontrol = 0.54, P < 0.0001;
Pcovid-19 (HS)], Zn [pcontrol = 0.37, P<0.0001; pcovid-19 (DS)], and Cr
[Peontrol = 0.48, P < 0.0001; peovid-10 (11S)], and the correlations of
Ca with Mg [pcontrol = 0.60, P < 0.0001; pcovid-19 (nS)] and Fe
[Pcontrot = 0.41, P < 0.0001; pcovia-1o (nS)]. Despite multiple
metal(loid)-metal(loid) correlations being disrupted, we
observed an evident increase in certain metal(loid)-metal(loid)
correlations, e.g. Se and Zn (pnon-mitd = 0.77, P < 0.0001; peontrol =
0.56, P<0.0001), in COVID-19 patients with more severe disease
(Fig. S27), indicative of collaborative participation of these
metal(loid)s in COVID-19 disease progression. As both Se and
Zn are major antioxidant essential elements, the evident
increase in Se-Zn interplay in more severe COVID-19 patients
may be attributable to their roles in counterbalancing of the
negative effect of free radicals induced by virus infection.*

To define the serum immunological features of each COVID-
19 patient, the immune-related proteins, mainly inflammation
mediators [interleukin 6 (IL-6), interleukin 10 (IL-10), inter-
feron o (IFN-a), interferon y (IFN-y), tumor necrosis factor-
alpha (TNF-a), interleukin 1B (IL-1B), C-reactive protein
(CRP), matrix metalloproteinase-8 (MMPS8), and matrix
metalloproteinase-9 (MMP9)], were quantified by introducing
metal-reporters. Generally, the serum proteins were enriched
and immunoprecipitated with their corresponding magnetic
bead-conjugated capture antibodies. Subsequently, the
captured proteins were magnetically separated and interacted
with lanthanide-conjugated detection antibodies (metal-
coding reporter antibodies). The metal-labeled detector anti-
bodies were then eluted to the supernatant under acidic
conditions, and quantified by ICP-MS. Based on this method,
a holistic view of the serum metal fingerprint pattern conveying
the metallome and immunoproteome information of each
individual was achieved (Fig. 1C). By comparing the metal
intensity corresponding to serum levels of different elements
and immune-related parameters among non-infected controls
and COVID-19 patients with different levels of severities (Table
S17), the host metallome and immune response to SARS-CoV-2
infections and disease progression could be characterized. The
detailed information of antibodies used in the serological
proteomic profiling and the ICP-MS setting parameters for
metallome and proteome quantification is summarized in
Tables S2-S5.1

We observed significantly elevated IL-6 (P < 0.01), IL-1B (P <
0.05), IFN-a (P < 0.0001), TNF-a (P < 0.01), CRP (P < 0.01), and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MMPS (P < 0.01) in the sera of moderate to severe than mild
COVID-19 patients (Fig. S31). Notably, IL-10, an essential anti-
inflammatory cytokine, was downregulated in moderate to
severe COVID-19 patients (P < 0.0001). Importantly, the IL-6/IL-
10 ratio elevated more profoundly (IL-6/IL-10p0n-mild/mild = 2-31)
than either IL-6 (IL-6,0n-mitd/milda = 1.27) or IL-10 (IL-10mi1d/mon-
mila = 1.73) alone in moderate to severe than mild COVID-19
patients, suggesting that the IL-6/IL-10 ratio may serve as
a more sensitive marker than IL-6 or IL-10 alone for disease
severity stratification.

Integration of serological metallome and immunoproteome
uncovers the links of metal(loid)s with COVID-19 immunity

To explore the role of metal(loid)s in COVID-19 immunity, the
correlation of the host metallome with the inflammatory and
antibody responses was further evaluated by integrating the
metallome and immunoproteome information. The correlation
of metal(loid)s with different immunity-associated parameters
was generated by Spearman's rank correlation test. The intuitive
association of each metal(loid) with different types of anti-
bodies (IgA, IgM, and IgG antibodies specific to nucleocapsid
(N) and spike proteins (S) of SARS-CoV-2) and inflammation
mediators (IL-6, IL-10, IL-6/IL-10, IL-1B, TNF-c,, MMP8, MMP9,
IFN-o, IFN-v, and CRP) was shown as a heatmap (Fig. 1D) and
correlation network (Fig. 1E) based on the value of Spearman
rho coefficients. In terms of antibody response, significant
positive correlations between Mg and Mo with anti-SARS-CoV-2-
S and -N IgA antibodies were found. Moreover, an association of
K with anti-SARS-CoV-2-S and -N IgM antibodies was also
observed (Fig. 1D and S4t). Apart from the correlation with IgA,
Mo was also positively correlated with anti-SARS-CoV-2-S and -N
IgG antibodies. These results confirm the potential involvement
of metal(loid)s in the adaptive immunity of COVID-19. Notably,
IL-10, a crucial anti-inflammatory cytokine, was significantly
correlated with multiple metal(loid)s, including Se, Zn, I, Cr,
Cu, Co, and K, among which the positive correlation of IL-10
with Se was the most pronounced (Fig. 1E and S47). Collec-
tively, the metal(loid)-immunity network established from the
integrated multi-omics data provided direct evidence of the
involvement of metal(loid)s in the inflammatory and antibody
responses in COVID-19.

Selenium elevates IL-10 expression in B cells and inhibits
proinflammatory cytokine induction in both B and CD4"* T
cells

We next sought to validate the role of metal(loid)s in COVID-19
immunity. Given the strong association of Se with IL-10, we
selected Se as an illustrative example and investigated its
immune regulatory role in immune cells. To select the appro-
priate immune cell subtypes that have distinct features between
COVID-19 patients and non-infected controls, we first charac-
terized the immune cell phenotypes in peripheral blood
mononuclear cells (PBMCs) of COVID-19 patients and non-
infected controls by mass cytometry combined with ¢-distrib-
uted stochastic neighbor embedding (tSNE) to compare cell
population densities according to the infection status. A panel
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of antibodies including seven cell surface markers, i.e., CD45,
CD20, CD3, CD4, CD8, CD14, and PD1, were used (Table S67),
allowing the identification of 7 main subtypes of immune cells
in both COVID-19 patients and non-infected controls, i.e., B
cells, T cells, CD4" T cells, CD8" T cells, CD4"CD8" T cells,
CD4 CD8™ T cells, and monocytes, as represented in the -SNE
plots (Fig. S5 and S6Aft). The tSNE representation and differ-
entiated cell counts showed a notable decrease in the density of
B cells, and an evident increase in CD4'CD8" T cell ratios in
COVID-19 patients in comparison to non-infected controls
(Fig. S6BT). Furthermore, the percentages of monocytes and
CD4/CD8 showed a moderately decreasing trend in COVID-19
patients (Fig. S6BY). Notably, there was a significant increase
in the expression level of programmed cell death protein 1
(PD1), an inhibitory receptor that is expressed by all activated T
cells and during T cell exhaustion, in CD4" T cells, but not in
CD8" T cells (Fig. S6C and DY), indicating that SARS-CoV-2
potentially drives T cell exhaustion in COVID-19 patients. We
further assessed the expression of selenoprotein P (SEPP1), one
of the most important selenoproteins responsible for Se trans-
portation, storage and functions, in all the immune cells of
COVID-19 patients and non-infected controls. Interestingly, we
noted a significantly enhanced expression of selenoprotein P
(SEPP1) in all types of immune cells of COVID-19 patients
compared to those of the controls (Fig. S7A-Dt), further con-
firming the involvement of Se in the cellular immune response
of COVID-19.

As a significant reduction of B cell ratios and the overex-
pressed exhaustion marker in the CD4" T cells of PBMC from
COVID-19 patients were noted, we next examined whether and
how exogenous Se affects the functions of these two types of
immune cells. We performed ex vivo stimulation of B cells,
using CpG and CD40L in combination with supplementation of
different concentrations of Se, followed by intracellular staining
to monitor the cytokine response in the activated B cells by
mass cytometry (Fig. 2A). We observed significantly enhanced
production of IL-10 in B cells treated with a relatively lower
concentration of Se (0.05 uM, 60 h) (Fig. 2B, C and S8Af). Such
effects may partly account for the positive association between
serum Se and IL-10 in COVID-19 patients observed in our study.
Alongside the increase of IL-10 expression, we also observed
enhanced expressions of IL-6 and TNF-a, both at the mRNA and
protein levels, after Se treatment (Fig. S8B and Cf), which is
consistent with a previous report that IL-10" B cells often co-
express the pro-inflammatory cytokines (IL-6 and TNF-u).*®
Additionally, the increased mRNA expression of some key
selenoproteins, including SELK, GPX4, SEPP1, TXNRD1, and
GPX1, was shown in the Se-treated group (0.05 pM, 60 h)
(Fig. S8DY), which may participate in the Se-modulated B cell
functions.

As several signaling pathways, including MAPK, PI-3K, and
STAT3 pathways, are responsible for IL-10 production of B
cells,”” we therefore investigated the effects of Se on these
signaling pathways in B cells. We first examined the mRNA
levels of key signaling molecules (MAPK1, STAT3, GSK3B, AKT1,
TLR7, TLR8, TLR9, CD40, RAF1, PIK3CA, PRDM1) involved in the
MAPK, PI-3K, and STAT3 pathways,*”” and found significant
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elevation of MAPK1, STAT3, GSK3B, AKT1, RAF1, PIK3CA, and
PRDM1 in CpG stimulated B cells. However, the addition of Se
did not cause significant alternation of these proteins at mRNA
levels (Fig. S9t1). We further examined whether Se might influ-
ence the activation of signaling molecules involved in these
pathways with a focus on extracellular signal-regulated kinase
(ERK), STAT3, protein kinase B (Akt), and Gsk3p, given their
critical roles in IL-10 production and repression of B cells
(Fig. 2D).*® After pre-treatment of B cells with or without Se, the
cells were stimulated with CpG for 3 hours, and the total and
phosphorylated ERK, Akt, Gsk3f, and STAT3 were compared
(Fig. S107%). As shown in Fig. 2E and F, the total proteins for ERK,
Akt, Gsk3B, and STAT3 remained almost unchanged in the B
cells stimulated with CpG and treated with Se. However, the
phosphorylation levels of Akt and Gsk3f were enhanced in CpG-
stimulated B cells, and further significantly increased after Se
treatment. The significant enhancement of phosphorylated
ERK by a low level of Se was also observed in the CpG-activated B
cells. Given the positive regulatory role of phosphorylated Akt
and ERK in the IL-10 expression of B cells, the ability of Se in
activation of Akt and ERK may account for the Se-enhanced IL-
10 expression of B cells.

Intriguingly, alongside the enhancement of IL-10 production
of B cells induced by Se, we also observed the inhibition of
proinflammatory cytokines (IL-6 and TNF-a) in B cells upon
a shorter period of treatment with Se (0.05 puM, 36 h) (Fig. 3A
and B). Moreover, we further assessed the effects of exogenous
Se on CD4" T cells (Fig. 2A). In line with the inhibition of
proinflammation cytokines of B cells, we observed markedly
reduced expression of TNF-o. and IFN-y in CD4" T cells treated
with a relatively low concentration of Se (0.05 puM, 60 h) (Fig. 3C
and D). Such inhibition of TNF-o. and IFN-y expression in CD4"
T cells by Se could also be observed from the mixed PBMC cells
(Fig. 3E). Taken together, we demonstrate that a low level of Se
(0.05 uM) inhibits the production of proinflammatory cytokines
(TNF-a, IL-6, and IFN-y) by B cell and CD4" T cells, and stimu-
lates anti-inflammatory cytokine (IL-10) production of B cells
through activation of Akt and ERK pathways, suggesting
a potential anti-inflammatory role of Se.

Selenium alleviates SARS-CoV-2-induced lung damage in K18-
hACE2 mice through enhancing the expression of protective
selenoproteins

Se has been regarded as an essential micronutrient and its
central role in modulating the outcome of different infectious
diseases has been highlighted in recent studies.**** Here we
evaluated the in vivo immune-modulated role of Se in the K18-
human angiotensin-converting enzyme II-transgenic (K18-
hACE2) mouse model of COVID-19 by feeding the mice with
Se (sodium selenite, 0.2 mg kg™ ") for 10 days before SARS-CoV-2
infection (Fig. 4A). At 4 days post-infection, we examined the
lung damage and found that Se treatment significantly
decreased alveolar inflammatory infiltrates as observed in the
vehicle group (Fig. 4B). We further compared the cytokine (IL-6,
TNF-o, IFN-y, and IL-10) levels in the virus-infected mouse
serum with or without Se pretreatment (Fig. 4C and S11Af). The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Selenium enhances the IL-10 production of B cells. (A) Experimental workflow. (B) Expression levels of IL-10, IFN-y and TNF-a in B cells
under different stimulation conditions and with Se supplement (60 h) (top), and tSNE map showing the expression level of IL-10 (bottom). (C)
Comparison of IL-10 expression at mMRNA and protein levels in cells or the cell supernatant under different treatment conditions. (D) Schematic
representation of pathways responsible for IL-10 production of B cells. (E) Protein expression of ERK, Akt, Gsk3B, and corresponding phos-
phorylated proteins in B cells upon different treatment conditions (representative of n = 3). (F) Quantification of protein expression of ERK, Akt,
Gsk3B, and corresponding phosphorylated proteins in B cells upon different treatment conditions. P values were calculated by the ANOVA test to
evaluate the statistical significance of variations among groups. (*) 0.01 < P < 0.05, (**) 0.001 < P < 0.01.

Se pretreatment could significantly suppress the enhanced pro-
inflammatory cytokines, i.e., IL-6 and IFN-y, induced by virus
infection (Fig. 4C). Additionally, we compared the mRNA levels
of cytokines (IL-6, TNF-o. and IL-10) and chemokines (CCL2,
CCL3, CXCL10, and CCL22) in the lung tissues of SARS-CoV-2-
infected mice with or without Se supplement. Consistently,
the mRNA levels of Cci2 (P < 0.01), Ccl3 (P < 0.05), II-6 (P < 0.05),
and Tnf (P < 0.05) were remarkably downregulated in the mice
pretreated with Se, which further corroborated an anti-
inflammatory role of Se in COVID-19 (Fig. S11B¥).

The biological functions of Se are mainly achieved through
incorporating Se into multiple selenoproteins, which are critical
to maintaining redox homeostasis and modulating the immune
response against pathogens.**** All of these proteins are

© 2023 The Author(s). Published by the Royal Society of Chemistry

important determinants of the outcome of infections. The
putative selenoproteins involved in infections include thio-
redoxin reductases (TXNRDs: TXNRD1, TXNRD2, and TXNRD3),
glutathione peroxidases (GPXs: GPX1, GPX2, GPX3, GPX4, and
GPX5) and selenoproteins (S, K, R, W, P, etc.)**** (Fig. 4D). To
address whether SARS-CoV-2 infection also modulates the
expression of selenoproteins, we further examined the mRNA
level of several selenoproteins in the lungs and other organs of
K18-hACE2 mice with or without SARS-CoV-2 infection, and
with or without Se pretreatment. We found that SARS-CoV-2
infection induced an organ-specific reduction of selenoprotein
genes, i.e., Gpx4 (P < 0.001), Gpx3 (P < 0.05), Sepp1 (P < 0.001),
Sepw (P < 0.05) and Selk (P < 0.001), in the lung (Fig. 4E and
S12t). Given that GPX4, GPX3, SEPP1, SEPW and SELK play
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(**) 0.001 < P < 0.01, (***) 0.0001 < P < 0.001.

central roles in antioxidant stress, the anti-inflammatory
process, and activation of the immune response, such an
evident reduction of these selenoproteins may account for the
widely reported virus-induced oxidative stress, which may be
associated with more severe disease.’®** Importantly, pretreat-
ment of the mice with Se could partially restore some of the
repressed selenoprotein genes, i.e., Sepp1, Gpx3, Gpx4, and Selk
(Fig. 4E and S127). Additionally, Se also enhanced the expres-
sion of Gpx1 and Txnrd2 in SARS-CoV-2-infected mice. Our data
indicated that the beneficial effect of Se on SARS-CoV-2-infected
mice is likely attributable to the Se-enhanced expression of
protective selenoproteins. Collectively, we demonstrate an in
vivo anti-inflammatory role of Se in COVID-19 through rescuing
virus-repressed selenoproteins to compensate for the increased
oxidative stress and to alleviate the overwhelming cytokine
storm.

Discussion

In the past decades, metal(loid)s have been increasingly recog-
nized as critical modulators of the immune system.**™” Dysre-

gulation of metal(loid)s ions may result in an

10576 | Chem. Sci, 2023, 14, 10570-10579

immunocompromised state, which increases the severity of
infection diseases.”?* Though there were reports and clinical
data highlighting the role of metal(loid)s in COVID-19
disease,™** the immunomodulation of metal(loid)s in COVID-
19 disease remains elusive. In this study, we systemically
explore the host serological metallome and immunoproteome
features in COVID-19 patients and uncover their relevance by
using our developed metal-aided multiplexed proteome
profiling method,** providing a holistic view of the serological
landscape and identifying a direct link between the host serum
metallome and COVID-19 immunity.

After being infected with SARS-CoV-2, we observed an
evident decrease of multiple metal(loid)s (Se, Zn, Ca, Mg, K, I,
Cr and Mo) in COVID-19 patients, among which some metal(-
loid)s e.g., Se, Zn, even show significant variations with disease
severity. It is reported that multiple metal ions, e.g., Zn>*,*”?* are
critical cofactors of many viral enzymes, proteases and poly-
merases that aid in viral replication and are required for proper
functions of several non-structural proteins in SARS-CoV-2. The
disturbance of the metabolism of these metals may result from
the competition of essential elements between virus and hosts.
Moreover, the impaired homeostasis of host serological

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Se supplement improves SARS-CoV-2 infection outcomes of K18-hACE2 mice. (A) Experimental diagram of studies in mice. (B)
Representative haematoxylin and eosin-stained sections of the collected mouse lungs at 4 days post-infection. (C) Comparison of the cytokine
(IL-6 and IFN-v) level in the mouse serum under different treatment conditions. (D) Classification of selenoproteins associated with infectious
disease and their putative functions. (E) Heatmap of the expression level of Se-related genes in four organs of mice (lung, brain, kidney, and liver)
under different treatment conditions [mock: non-infected control; virus: virus infection without Se treatment; Se: treatment with 0.2 mg kg™t
selenium without virus infection and virus + Se: virus infection with pre-supplement of 0.2 mg kg~* selenium]. The mRNA levels were analyzed by
the 2722t method. All the primer information of this study is shown in Table S7.1 P values were calculated by the ANOVA test to evaluate the
statistical significance of variations among groups. (¥) 0.01 < P < 0.05, (¥*) 0.001 < P < 0.01, (¥**) 0.0001 < P < 0.001, (****) P < 0.0001, (ns) not

significant.

metal(loid)s by SARS-CoV-2 infection may also be associated
with redox disorders, electrolytes imbalance, etc.'>*¢*®

By integrating the metallome and immunoproteome
features of COVID-19 patients with different levels of severity,
we unbiasedly identified the strong correlation between Se and
IL-10. IL-10 is an anti-inflammatory cytokine that plays a central
role in maintaining the balance of immune response towards
infections, alleviating tissue damage caused by exaggerated
inflammatory response.* The tight positive association of Se
with IL-10 may contribute to the anti-inflammatory role of Se in
COVID-19 disease.

Our cellular data confirm that Se could regulate immune cell
functions by enhancing IL-10 expression in B cells and

© 2023 The Author(s). Published by the Royal Society of Chemistry

repressing proinflammatory cytokines in B and CD4" T cells.
The Se enhanced IL-10 production in B cells was partly attrib-
utable to the Se-mediated activation of ERK and Akt, which are
crucial signaling molecules involved in IL-10 production of B
cells (Fig. 5).*® It was reported previously that Se also inhibits the
transcription factor (NF-kB)*® and modulates other immune
cells (e.g. NK cells, macrophages, T cells), which may also
account for its anti-inflammatory role in SARS-CoV-2 infec-
tion.*>** Such an anti-inflammatory role of Se was further vali-
dated in vivo. In line with our observation, selenium deficiency
was frequently observed in death cases of COVID-19 patients.*
Significant clinical benefits of selenium supplementation have
also been demonstrated in other viral infections via potential

Chem. Sci., 2023, 14, 10570-10579 | 10577
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in SARS-CoV-2 infections through enhancing the IL-10 expression of
B cells.

immunomodulatory effects as well as its capability of affecting
viral mutation and evolution.’®**> However, particular caution
should be taken for Se supplementation since it may only
benefit individuals with low Se status.* Thus prior to Se treat-
ment of COVID-19 patients, Se status should be evaluated.

We further demonstrate that SARS-CoV-2 infection signifi-
cantly represses several critical selenoproteins, which are involved
in multiple biological pathways including oxidative stress
response, redox homeostasis, endoplasmic reticulum (ER) stress,
systemic inflammation and immune responses.**** We observed
the repression of gene expression of multiple selenoproteins in
lungs of virus-infected mice, including GPX4, GPX3, SELENOK and
SELENOP, which may account for the widely reported viral-
induced oxidative stress, resulting in a higher risk of viral
genome mutation.*****> The suppression of gene expression of
GPX4, SELENOF, SELENOM, SELENOK and SELENOS, TXNRD3 has
also been found in the virus infected cell model.> Exogenous Se
supplement restores virus-repressed selenoproteins, thus partially
compensates the virus-induced oxidative stress, and alleviates the
overwhelming cytokine storm and tissue damage. Collectively, the
observed beneficial effect of Se on COVID-19 disease outcomes is
attributable to its anti-oxidative functions, anti-inflammatory
capability, and its immune modulation roles through mediating
immune cell functions.

Conclusions

In conclusion, by integrating the metallome and immunopro-
teome, we unveiled the critical role of Se in the immune response
of COVID-19 disease. We further validated that the Se-mediated
enhancement of IL-10 production in B cells is achieved by stim-
ulation of ERK and Akt activation, as well as suppression of
proinflammatory cytokines in both B and CD4" T cells. The
beneficial effect of Se on improving the outcome of SARS-CoV-2-
infected mice provides a fundamental basis for using Se as an
auxiliary treatment of COVID-19 disease. The integrative multi-
omics approach can be readily extended to long COVID, and other

10578 | Chem. Sci,, 2023, 14, 10570-10579
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diseases to understand how metallomes are involved in both
innate and adaptive immunity.
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