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Abstract

Identifying host programs that connect micronutrient biology to COVID-19 immunopathology may enable more precise host-directed strategies. Zinc
deficiency is linked to worse outcomes, yet the intracellular mediators that couple metal/redox stress to disease severity remain unclear. In this study, a
PRISMA-guided meta-analysis of zinc supplementation was performed in hospitalized COVID-19 (seven studies; 1,972 participants), and observed reduced
mortality (OR 0.48, 95% Cl 0.36-0.64). Statistical heterogeneity was low, although regimens varied substantially in formulation, elemental dose, route, and
duration. The study then integrated single-cell and bulk transcriptomes across blood and respiratory compartments, to map zinc-homeostasis pattern
across disease states. In a large single-cell atlas (GSE158055; 1,462,702 cells from 196 individuals) spanning PBMC, bronchoalveolar lavage fluid, sputum, in
bulk RNA-seq from postmortem lung tissue (GSE183533), and longitudinal peripheral blood (GSE198449), MT2A showed the most reproducible association
with disease severity among metallothioneins, and was enriched in myeloid lineages. Its associations were compartment- and state-dependent, and SARS-
CoV-2-relevant entry/processing and innate-sensing are involved, including TMPRSS2, CTSB/CTSL, and RNA-sensing pathways. In a longitudinal subset with
complete timepoints (n = 9; days 0, 1, 8, and 12), MT2A peaked early after infection and declined thereafter, consistent with an inducible acute-phase
response. Together, these results prioritize MT2A as a cross-compartment marker of metal/redox immune stress and a testable host node for biomarker-
guided stratification and intervention timing, pending perturbation-based causal validation.
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Introduction

Drug discovery for emerging viral infections increasingly priori-
tizes host-directed strategies that remain effective despite viral
mutationl'l. The appeal is clear, but the bar is high. A useful host
target needs to sit at the interface of viral entry and the immune
dysregulation that drives severe disease, and it must remain action-
able for pharmacologic modulation(2l.

Zinc is a ubiquitous micronutrient fundamental to antiviral immu-
nity and redox control®4, Clinically, low serum zinc has been repeat-
edly associated with worse outcomes in COVID-195561, While serum
zinc measurements do capture systemic status, they tell us rela-
tively little about what happens inside the cell, specifically, how zinc
availability gets converted into actual immune phenotypes!”.. For
this reason, this study's focus is on an intracellular 'targetome": The
collection of zinc-buffering proteins and redox-responsive systems
that appear to kick in when inflammatory stress is triggered.

Among these proteins, metallothioneins (MTs) stand out. These
are cysteine-rich molecules that grab onto zinc with remarkable
affinity, and they function like dynamic zinc reservoirs inside cells
while also regulating redox balance through their thiol groupst!.
MT2A in particular has been characterized as a kind of integration
point, it seems to connect zinc metabolism with the cellular
response to oxidative stress®l. MT2A induction isn't necessarily bad;
in fact, it can protect cells. The problem arises if MT2A gets switched
on too strongly, or in a poorly controlled way, as this could interfere
with the zinc-dependent signaling pathways, and disrupt immune
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balance, potentially tipping what should be an adaptive response
into something more pathological®. This line of thinking led to
the proposal that MT2A might serve as a critical detective node at
the intersection of zinc status and redox control, and that tracking
MT2A could give us insights into COVID-19 severity while also help-
ing us design better biomarker-driven treatment approaches.

To validate this hypothesis, two different approaches were
brought together. First, a meta-analysis following PRISMA guide-
lines was conducted, looking at studies where COVID-19 patients
received zinc supplements. Second, the gene expression data was
analyzed, both bulk RNA-seq and single-cell RNA-seq from multiple
body compartments: peripheral blood, lung tissue, bronchoalveolar
lavage fluid, and sputum samples. The advantage of looking across
all these compartments is that it helps us to determine which
targets matter at different stages of disease, and aids the identifica-
tion of host response that appear to be connected to zinc, and that
can then be validated through more focused experiments.

Materials and methods

Meta analysis

The meta-analysis followed PRISMA guidelines, with full metho-
dological details provided in the Supplementary File 1000,
Studies involving hospitalized COVID-19 patients that compared
outcomes between patients getting zinc supplements, and those
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getting either a placebo or just standard care were referenced
(Supplementary Table S1, Supplementary Fig. S1). The main focus
was on mortality. Both randomized controlled trials and cohort
studies were considered eligible. References included PubMed,
Embase, Web of Science, the Cochrane Library, and ClinicalTrials.
gov, with our final search conducted on September 3, 2024. Study
selection, data extraction, and quality checks were all done indepen-
dently by two reviewers; a third reviewer was used to make the final
call over any disagreement. For assessing bias risk, the Cochrane
tool was applied when evaluating RCTs, and ROBINS-I for studies
that weren't randomized!'"'2, Depending on how much variation
there was across the studies (heterogeneity), pooled odds ratios
(ORs) were calculated with 95% confidence intervals (Cls), using
either fixed-effects or random-effects models. Sensitivity analyses
were also conducted and whether publication bias might be skew-
ing the results was checked.

Single-cell RNA sequencing data mining

The GSE158055 dataset was obtained from the GEO database
(www.ncbi.nlm.nih.gov/geo/)'3!, 1,462,702 cells from 196 individu-
als were analyzed using a publicly available integrated h5 file. This
included 22 mild/moderate cases, 54 severe, 95 convalescent
COVID-19 patients, and 25 healthy controls. Samples were derived
from peripheral blood mononuclear cell (PBMC) (n = 249), bron-
choalveolar fluid (BALF) (n = 12), sputum (n = 22), and pleural effu-
sion (n = 1). After standard quality control (removing cells with < 200
genes, > 5% mitochondrial reads, or > 2,500 genes), 1,314,623 cells
and 27,894 genes were retained, including 931,304 cells from PBMC,
BALF, and sputum. These analyses were performed using Scanpy
v1.9.6, NumPy v1.26.2, and pandas v1.5.1 in Python('4,

Bulk RNA-seq data mining

Two bulk RNA-seq datasets, GSE183533 and GSE198449, were
downloaded from the GEO database (www.ncbi.nlm.nih.gov
geo/)l'516. For bulk RNA-seq analysis, expression matrices from
GSE183533 (lung tissues from 31 COVID-19 decedents and nine
controls) and GSE198449 (1,605 samples from 475 subjects across
time points) were normalized to TPM. Transcriptome data from day
0, 1, 8, and 12, post-infection were analyzed. Differential expression
was assessed using the limma package (v4.4.1). For visualization,
gene expression data was standardized by z-scores and presented in
heat maps using the R software.

Protein-protein interaction analysis

PPl networks of MT2A were constructed using STRING software
(https://string-db.org/). The minimum required interaction score
was set to be greater than 0.4. The target protein was represented as
a node in the network diagram.

Gene set enrichment analysis (GSEA)

Patients with COVID-19 were divided into MT2A-high and MT2A-
low groups using the median expression of MT2A as a cut-off. GSEA
was performed using GSEApy v1.0.2 in Python to find enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways!'7l.
Pathways with FDR < 0.05 were obtained and the top 20 pathways
with relatively higher NES were selected for display.

Time-series analysis of gene expression
clustering

Transcriptome sequencing from nine patients was completed
with measurements at days 0, 1, 8, and 12 of SARS-CoV-2 infection,
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and the average expression across these individuals obtained for
trend-based clustering. These nine patients represent the subset of
the original cohort with complete timepoints available for within-
subject temporal analysis. Basic demographic and clinical descrip-
tors for this subset (including age, sex, and clinical severity at
sampling, were available in the GEO metadata) are summarized in
Supplementary Table S2. Mfuzz v2.60.0 was used to automatically
classify genes into seven clusters according to the trend of SARS-
CoV-2 infection process by an unsupervised clustering method!'8l,
MT2A and genes involved in SARS-CoV-2 infection were also
annotated.

Statistical analysis

All statistical analyses were performed with the R package stats
v4.4.1. The Wilcoxon rank sum test was used for comparison
between the groups, and Spearman rank correlation analysis was
used for correlation analysis. For analyses involving multiple com-
parisons, p values were adjusted using the Benjamini-Hochberg
false discovery rate (FDR) procedure, and an FDR-adjusted p < 0.05
was considered statistically significant.

Results

Clinical evidence: zinc supplementation is
associated with reduced mortality

A total of 1,972 patients, ranging from infants to adults, were
included in the analysis from seven studies!'9-2%], Baseline characte-
ristics of the study population are summarized in Supplementary
Table S1. All seven studies met quality assessment standards (Sup-
plementary Fig. S2a-S2d). Fixed-effects meta-analysis showed that
zinc supplementation significantly reduced mortality risk (OR = 0.48;
95% Cl: 0.36-0.64; Fig. 1a), with low heterogeneity and consistent
findings across study designs (Supplementary Fig. S2e, S2f). Sensiti-
vity analyses confirmed the robustness of this effect (pooled OR
remained 0.48; Fig. 1b). No significant publication bias was detected
(Egger's test, p = 0.43; Supplementary Fig. S2).

Target prioritization: IT2A is induced in
monocytes in severe COVID-19

Initial analysis focused on the composition of immune cells in
PBMCs with different severity and progression of COVID-19 at the
single-cell transcriptome level (Fig. 2a—c). The proportions of mono-
cytes, megakaryocytes, B cells, and plasma cells were increased,
whereas the proportions of CD4* T cells and CD8* T cells were
decreased during COVID-19 progression (Fig. 2d). The number of
plasma cells increased significantly with disease progression, espe-
cially in severe cases. B cells and megakaryocytes were significantly
increased in severe patients, whereas CD4* T cells, CD8* T cells, DCs,
and NK cells were significantly decreased, especially in severe
patients (Fig. 2e). The expression of zinc homeostasis-related genes
showed that MT2A had the highest expression level in monocytes
and macrophages. During disease progression, MT2A expression
was lower in patients with moderate symptoms, but higher in
patients with severe symptoms (Fig. 2f).

Subsequently, an analyzsis of the expression pattern of MT2A at
the single-cell level was conducted (Fig. 3a—c). In monocytes, MT2A
expression was decreased in the mild/moderate progression (MP)
and mild/moderate convalescence (MC) groups, but increased in the
severe/critical progression (SP) group (Fig. 3c). Correlation analysis
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Fig. 1 Meta-analysis of zinc supplementation on in-hospital mortality in COVID-19 patients. (a) Forest plot of in-hospital mortality of zinc supple-
mentation and standard care groups. (b) Sensitivity analysis was conducted by sequentially excluding one study at a time to assess the robustness of the

findings.

showed that MT2A expression in PBMCs was positively associated
with most SARS-CoV-2 infection-related genes at the patient level
among all groups (Fig. 3d). To further explore this association, the
mean expression of each gene in monocytes per patient was calcu-
lated, and stratified patients into MT2A-high and MT2A-low groups,
based on the median expression level (Fig. 3e-x). In both MP and
SP groups, the MT2A-high subgroup showed significantly higher
expression of CTSB and IFIHT compared to the MT2A-low group
(Fig. 3f, I). In the MP group, CTSL and TLR7 were also upregulated in
the MT2A-high group (Fig. 3g, i). In contrast, in the SP group, IL1B,
and CCL3 were elevated in the MT2A-low group, whereas TLR8
expression was higher in the MT2A-high group (Fig. 3j, n, w).

Cross-compartment validation: MT2A associates
with SARS-CoV-2 programs in BALF and sputum
Single-cell transcriptomic analysis on the BALF samples is shown
(Fig. 4a—c). In BALF samples, the SP group showed increased propor-
tions of monocytes, macrophages, and neutrophils compared to the
MP group, while the proportions of NK cells, DCs, CD4+ T cells, CD8+
T cells, and B cells were decreased (Fig. 4d, e). MT2A expression in
DCs was significantly higher in the SP group than in the MP group;
conversely, MT2A in B cells, CD4+ T cells, CD8* T cells, monocytes,
macrophages, and epithelial cells was significantly lower in the SP
group than in the MP group (Fig. 4f). MT2A was positively correlated
with COVID-19-related genes, including CTSB, CTSL, IFIH1, CCL2, and
CXCL10, in the SP group but not in the MP group (Fig. 4g). Mean
expression of each gene in cells for each patient in the SP group
was calculated. In epithelial cells, the mean expression of CXCL10
showed higher expression in the MT2A-high group than in the
MT2A-low group, although this difference did not remain significant
after BH correction (Fig. 4h). In monocytes and macrophages, the

Li et al. Targetome 2026, 2(1): €006

mean expression of CTSL and CCL2 was significantly higher in the
MT2A-high group than in the MT2A-low group (Fig. 4i, j). In
macrophages, the mean expression of CTSB was significantly higher
in the MT2A-high group compared to the MT2A-low group (Fig. 4i).

Subsequently, the characteristics of sputum samples were also
analyzed (Fig. 4k-m). In sputum, the SP group has higher propor-
tions of NK and epithelial cells but lower proportions of B cells than
the MP group (Fig. 4n, o). Higher MT2A expression in epithelial cells
and monocytes, and lower MT2A expression in DCs and macro-
phages were found in the SP group than in the MP group (Fig. 4p).
MT2A expression was positively correlated with IFIH1 and GOLGA3
in the MP group and with CTSB, IFIH1, and IL18 in the SP group
(Fig. 4q). In monocytes, TMPRSS2 showed a trend toward lower
expression in the MT2A-high group compared with the MT2A-low
group, although this difference did not remain significant after BH
correction (Fig. 4r). Macrophages in the high MT2A group expressed
less IL1B and TNF than those in the low MT2A group (Fig. 4s). Epithe-
lial cells with higher MT2A levels expressed more IL7 but less IL10
than their counterparts with lower MT2A levels (Fig. 4t). DCs with
higher MT2A levels expressed higher CTSL than their counterparts
with lower MT2A levels (Fig. 4u).

Lung tissue analysis: MT2A links to viral entry
factors and inflammatory pathways in deceased
patients

MT2A expression in lung tissue from deceased patients with
COVID-19 was compared with healthy controls, based on bulk RNA-
seq data. It was found that lung tissue from deceased patients with
COVID-19 expressed higher levels of MT2A, and the remaining MTs
showed a similar trend (Fig. 5a). Lung tissue from deceased COVID-
19 patients with higher MT2A levels expressed lower IFIHT and IL10
than those with lower MT2A levels (Fig. 5b, c). MT2A was positively
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Fig. 2 Expression pattern of zinc homeostasis related genes in PBMCs from patients with COVID-19 at single cell level. (a) Distribution of cell sub-
populations. B indicates B cells, CD4 indicates CD4"* T cells, CD8 indicates CD8* T cells, DC indicates dendritic cells, Macro indicates macrophages, Mega
indicates megakaryocytes, Mono indicates monocytes, NK indicates natural killer cells, Neu indicates neutrophils, Plasma indicates plasma cells. (b) Cell
distribution of COVID-19 samples with different severity. (c) Cell distribution of COVID-19 samples with disease progression. (d) Cell proportions in
different status of COVID-19 patients. MP means mild/moderate progression. SP indicates severe/critical progression. MC indicates mild/moderate
recovery. SC indicates severe/critical convalescence. (€) Number of immune cells in PBMC across different disease states of COVID-19 at the individual
level. (f) Expression patterns of zinc homeostasis-related genes within different cell subpopulations and across different stages of COVID-19. Asterisks
denote Benjamini-Hochberg FDR-adjusted p values (* p < 0.05, ** p < 0.01, *** p < 0.001).

correlated with the SARS-CoV-2 infection-related genes TMPRSS2
and CTSL, and negatively correlated with the inflammatory cyto-
kines IL10 and IL18 in the lung tissue of deceased COVID-19 patients
(Fig. 5d—g). Using the STRING database, we identified a PPl network
centered on MT2A, involving other metallothioneins and proteins
such as STAT1 and EOLA1 (Fig. 5h). GSEA indicated that MT2A may
participate in neurodegenerative diseases, KEGG pathway: ko04610
(Complement and coagulation cascades), and multiple metabolic
pathways (Fig. 5i, j), which should be interpreted as hypothesis-
generating pending protein-level and functional validation.
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Temporal dynamics: MIT2A peaks early in the
blood during SARS-CoV-2 infection

Expression associations of MT2A and SARS-CoV-2 infection-related
genes in peripheral blood samples showed that samples with higher
MT2A expressed higher levels of TMPRSS2, CTSB, CTSL, TLR3, TLR7,
IFIH1, GOLGA3, IL1B, TNF, CCL2, IL18, CXCL10, CSF1, CCL3, and IL10
than samples with lower MT2A. Conversely, peripheral blood
samples with higher MT2A expressed lower FURIN than samples with
low MT2A (Fig. 6a, b).

Changes in peripheral blood MT2A expression with the temporal
phase of SARS-CoV-2 infection was examined. Importantly, MT2A

Li et al. Targetome 2026, 2(1): €006
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expression peaked at day 1 post-SARS-CoV-2 infection, and declined
thereafter (Fig. 6¢). Changes in MT2A during infection were highly
consistent with a number of SARS-CoV-2 infection-associated genes,
including CTSL, TLR7, IFIH1, CCL2, IL2, CSF3, and CXCL10. In contrast,
the expression of TMPRSS2, CTSB, TLR3, TNF, IL6, IL10, and CSF1
remained stable after an initial increase and then decreases
(Fig. 6d—j). When the follow-up time is extended, the expression of
MT2A, TMPRSS2, CTSL, TLR3, and TLR7 show a significant increase
during the early stage of infection and a decrease later in the infec-
tion process (Fig. 6k).

Discussion

It's well established that zinc deficiency puts patients at higher
risk of poor outcomes when they get viral infections. What remains
less clear is which exactly which intracellular targets link systemic
zinc levels to the immune programs that actually determine disease
outcomes. Zinc influences antiviral immunity through several
routes, it affects innate immune sensing, inflammatory signaling
cascades, and the way cells handle stressB4. This study combined
evidence from clinical trials with detailed transcriptomic data from
different tissue compartments, with the goal of pinpointing key
zinc-related host factors in COVID-19. MT2A repeatedly appeared as
a consistent signal tied to disease severity.

The meta-analysis results suggest that giving zinc supplements to
hospitalized COVID-19 patients is associated with lower mortality
(OR = 0.48, 95% Cl: 0.36-0.64). Sensitivity checks were carried out,
and the relationship held up, with low heterogeneity across studies.
That said, drawing firm conclusions about zinc regimens need to be
carefully considered, as the included studies were inconsitent in
terms of what formulation they used, how much elemental zinc they
gave, whether it was oral or intravenous, and how long treatment
lasted. Instead of trying to say 'here's the perfect zinc protocol, the
more important takeaway is mechanistic: we need to understand
which intracellular nodes actually translate zinc availability into
immune phenotypes that affect disease.

Metallothioneins are interesting because they do two things
at once, they buffer zinc levels inside cells, and they link redox
signals to zinc-dependent pathways. This puts the MT-zinc system at
the crossroads of oxidative stress, metal handling, and immune
function(2627, MT2A gets turned on in response to stress, and inflam-
matory cytokines like /L6 and TNF can induce it, which fits with it
behaving like an acute-phase protein during inflammation28-30L,
One thing worth noting is that MT2A doesn't respond exclusively
to zinc. Other forms of metal stress or redox perturbations, for
instance, when you chelate iron, which can also induce MT2A, and
this overlaps with transcriptional programs linked to hypoxia and
cellular stressB. Evidence tying MT biology to inflammatory signal-
ing, especially pathways involving NF-«xB, and this seems particu-
larly relevant when oxidative stress is in play!?°l. Taken together, it
makes more sense to view MT2A as part of a feedback loop connect-
ing inflammation, redox status, and zinc, rather than treating it as a
simple readout that only responds to zinc.

MT2A doesn't just passively buffer zinc, if it gets induced too
much, that could actually rewire zinc-dependent signaling in ways
that contribute to harmful immune changes. Metallothioneins bind
and release zinc dynamically in response to shifts in the redox envi-
ronment, and when metallothionein levels change, that can alter
the pool of loosely bound (labile) zinc inside cells. This labile pool
controls a lot of transcriptional processes, including inflammatory
pathways, where zinc availability makes a functional difference.
Some earlier work has shown that metallothioneins can modulate
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NF-xB activity in a zinc-dependent fashion, which supports the
notion that if MT2A gets overexpressed, it might change how sensi-
tive cells are to inflammatory signals, and how long those inflamma-
tory transcription programs stay activel32331, When a protein interac-
tion network centered on MT2A in lung tissue using STRING was
investigated, it was found to include STATT and EOLA1, which fits
with the broader systems-level coupling proposed here. This sug-
gests possible connections between interferon signaling and to
inflammatory regulation in endothelial cells, EOLAT in particular has
been reported to modulate IL-6-related inflalmmatory responses in
endothelial contextsB4. When GSEA was run on lung tissue with
high MT2A expression, complement, and coagulation pathways
appeared, which makes sense given the thromboinflammatory
phenotype you see in severe COVID-19, and the known coupling
between inflammatory gene activation and prothrombotic vascular
programs33l, Interestingly, GSEA also flagged neurodegeneration-
related gene sets. This might reflect overlap between systemic
inflammation, redox/metal stress, and neurovascular or neuroin-
flammatory processes during acute infection. There is growing
evidence that SARS-CoV-2 can disrupt gliovascular integrity and
trigger neuroinflammatory responses, and zinc-metallothionein
stress pathways have been implicated in neurodegenerative disease
mechanisms. These observations raise the hypothesis that excessive
or prolonged MT2A induction could overlap with pathways relevant
to post-acute neurological problems in vulnerable patients3637], It is
important to emphasize that these are hypothesis-generating
observations which need to be validated through perturbation
experiments where zinc is carefully controlled.

In peripheral blood, MT2A-high samples expressed higher levels
of infection-related genes spanning entry/processing factors
(TMPRSS2, CTSB, CTSL; with lower FURIN), innate sensing (TLR3, TLR7,
IFIHT), and inflammatory mediators (IL1B, TNF, CCL2, IL18, CXCL10,
CSF1, CCL3, IL10). This is notable because SARS-CoV-2 entry can
proceed via TMPRSS2-mediated plasma membrane activation and
cathepsin B/L-dependent endosomal activation, and experimental
and modeling work supports the relevance of these parallel routes
and the potential benefit of dual-route targeting3839. CTSL has
been reported as clinically relevant in COVID-19 and mechanistically
important for infection, reinforcing the plausibility that MT2A-linked
programs intersect with entry-associated protease pathways!“ol.
Importantly, transcriptome co-variation does not establish direct
regulation; a parsimonious interpretation is that MT2A marks a
broader inflammatory/redox stress state in which entry-related
and inflammatory programs are altered in coordination. Within such
a state, MT2A-mediated zinc buffering could modulate signaling
thresholds and inflammatory amplification without implying direct
control of each downstream genel3:26],

Longitudinal analyses further refine the temporal context of MT2A
regulation. MT2A expression peaked at day 1 post-infection and
declined thereafter, and its trajectory broadly co-varied with infec-
tion-associated programs including CTSL, TLR7, IFIH1, CCL2, IL2, CSF3,
and CXCL10. With extended follow-up, MT2A and several infection-
linked genes showed an early increase, followed by a later decrease,
consistent with MT2A behaving as an inducible responder during
the early inflammatory phase. Co-variation with TLR7/IFIH1-linked
sensing is biologically plausible given the central role of early inter-
feron pathways and endosomal RNA sensing in COVID-19 trajec-
tories, and evidence linking impaired TLR7 signaling to severe
diseasel*'42l, At the same time, the Mfuzz-based trajectory cluster-
ing relies on a small subset (n = 9), and should be treated as prelimi-
nary. Larger longitudinal cohorts, with denser sampling and harmo-
nized clinical annotation, will be needed to quantify inter-individual
variability, and to test whether MT2A dynamics associate with
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severity progression, protein-level inflammation, or response to
zinc-related interventions.

A key theme from the present cross-compartment analyses is
that MT2A regulation is compartment- and cell-type-specific.
Elevated MT2A was observed in systemic monocytes, whereas
MT2A-associated patterns differed across local respiratory niches
such as bronchoalveolar lavage fluid and sputum. Several non-
mutually exclusive mechanisms could contribute: differences in zinc
bioavailability and transporter activity, local cytokine/interferon
tone, oxidative stress and hypoxia/tissue-injury cues, and lineage
differentiation states shaped by the airway microenvironment(343l,
These considerations argue for a compartment-aware evaluation of
MT2A biology, and for caution when extrapolating signals from
blood to airway niches.

Severe COVID-19 involves both immune-cell compositional
remodeling and lineage-specific transcriptional reprogramming.
Although plasma cells and megakaryocytes expand and T-cell frac-
tions contract, MT2A dysregulation is most prominent in myeloid
compartments, supporting a lineage-restricted zinc/redox stress
program rather than a universal immune-wide driver. Abundance
shifts and gene-expression programs can be partially decoupled:
expanded lineages with modest MT2A may contribute via MT2A-
independent mechanisms, whereas myeloid populations can exert
disproportionate effects through inflammatory amplification.
Accordingly, MT2A is best positioned as a myeloid-linked enrich-
ment/monitoring biomarker and a candidate host node with
context- and cell-type-dependent translational relevance. Across
bronchoalveolar lavage fluid and sputum, co-variation with cathep-
sins (e.g., CTSB/CTSL) is best viewed as a stress-linked endosomal/
lysosomal program, not as evidence that zinc supplementation
promotes viral invasion. This interpretation needs direct testing
under standardized zinc manipulation, including depletion/chela-
tion and rescue designs, rather than inference from observational
co-expressionl#4],

Mechanism remains an open question. Because MT2A is inducible
by cytokines and oxidative stress, elevated MT2A in severe COVID-19
could be downstream of inflammation rather than an upstream
driver(28291 A coherent synthesis is a context-dependent feedback
model: inflammatory stress induces MT2A as part of an acute adap-
tive response, while MT2A-mediated zinc buffering and redox
coupling may secondarily modulate signaling thresholds that shape
entry-related and inflammatory outputs under specific zinc
states326], Disentangling 'responder vs regulator' roles will require
perturbation-based validation with controlled zinc manipulation
and time-resolved readouts.

Two translational directions follow from these data. First, peri-
pheral MT2A expression in monocytes may serve as an enrichment
and monitoring biomarker of a zinc-linked redox-immune stress
state, potentially reducing clinical heterogeneity in zinc interven-
tion trials. Second, MT2A represents a candidate host node for
targeted modulation of its expression or zinc-binding dynamics.
Direct interventional evidence supporting MT2A-targeted therapy in
acute viral illness is currently lacking, so the therapeutic concept
remains hypothesis-generating. Establishing plausibility will require
perturbation studies in myeloid systems that couple MT2A knock-
down/overexpression with spike-mediated or pseudovirus entry
assays, quantify TMPRSS2/CTSL/CTSB at both mRNA and protein
levels, and measure inflammatory outputs under standardized zinc
supplementation and zinc depletion/chelation with rescue designs.
Where feasible, Mt2-deficient infection models (global or myeloid-
specific) can then assess in vivo relevance using viral burden, lung
pathology, cytokine profiles, and downstream coagulation and
complement readouts.
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Despite a strong disease association, MT2A is not an 'easy' target.
As an intracellular zinc-buffering protein without a canonical enzy-
matic active site, it is less amenable to conventional small-molecule
inhibition, and redundancy across metallothionein isoforms compli-
cates specificity. Any acute-infection intervention would likely need
to be time-limited and cell-type aware to mitigate safety liabilities.
Nevertheless, feasibility precedents exist. Metallothionein suppres-
sion has been explored via gene-silencing approaches, including
reports that metallothionein knockdown modulates cisplatin resis-
tance in malignant pleural mesothelioma and that MT2A knock-
down alters invasive phenotypes in cancer models*l, Targeted
delivery concepts such as phi29 pRNA-based platforms carrying
siRNA against MT2A have been reporteddl, More recently, a first-in-
class MT2A degrader has been described, suggesting direct protein-
level modulation may be technically achievable, although relevance
and safety in acute viral illness remain untested*”]. Collectively,
these considerations support prioritizing MT2A first as an enrich-
ment/monitoring biomarker while MT2A-modulating modalities
are pursued as longer-term host-directed strategies contingent on
perturbation-based efficacy and safety validation.

This study has several limitations. First, integrated public tran-
scriptomic analyses are inherently associative; causal validation in
MT2A-perturbation or knockout systems is required to establish the
mechanism. Second, the meta-analysis includes heterogeneous zinc
regimens in formulation, elemental dose, route, and duration, com-
plicating regimen-level translation and underscoring the need for
standardized protocols and biomarker-guided dosing in future trials.
Third, MT2A regulation is compartment- and cell-type-specific, and
the molecular drivers of tissue heterogeneity remain incompletely
defined. Fourth, sample size and follow-up constraints limit genera-
lizability to sparsely represented subgroups and preclude direct
evaluation of MT2A in post-acute sequelae. Fifth, single-cell and bulk
RNA-seq capture gene-expression associations and pathway enrich-
ment rather than protein abundance, localization, or functional
activity; targeted protein-level and functional validation will be
important, particularly for entry-related factors and inflammatory
mediators.

Conclusions

In summary, a PRISMA-guided meta-analysis was combined with
transcriptomic profiling across multiple tissue compartments to
map out a zinc-related host network in COVID-19. Through that
work, MT2A was identified as a reproducible node associated with
disease severity. The meta-analysis showed that zinc supplemen-
tation was linked to lower in-hospital mortality, while elevated
MT2A, especially in myeloid cells, tracked with a co-regulated
program connected to SARS-CoV-2 entry/processing and inflamma-
tory signaling. The longitudinal blood data further indicated that
MT2A is induced transiently early in infection, which highlights how
its role is stage-dependent. Overall, these findings support the idea
that MT2A could serve as a biomarker of metal/redox-immune stress
and as a host target we can validate experimentally. They provide
a rationale for moving forward with perturbation-based validation
studies under controlled zinc conditions, and for setting up prospec-
tive biomarker-stratified trials, to determine whether MT2A is useful
for enriching patient populations and deciding when to intervene.
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