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Manganese mediates antiviral
effects by driving an
ATM -TBK1 phosphorylation
signaling pathway
Hongyan Sui1*, Rosana Wiscovitch-Russo1, Silvia Cachaco1,2,
Jun Yang1, Whitney Bruchey1, Sylvain Laverdure1,2, Qian Chen1

and Tomozumi Imamichi1

1Laboratory of Human Retrovirology and Immunoinformatics, Frederick National Laboratory,
Frederick, MD, United States, 2Center for Infectious Disease Research, George Mason University,
Manassas, VA, United States
Ataxia-telangiectasia mutated (ATM) is traditionally recognized as a nuclear

kinase involved in DNA damage repair. We were the first to report that ATM

also participates in a manganese (Mn)-dependent TBK1 phosphorylation

pathway. However, the underlying mechanism by which how Mn induces TBK1

phosphorylation through ATM remained unclear. Here, we show that Mn dose-

dependently induced TBK1 phosphorylation in the presence of ATM across

multiple cell lines, as well as in primary human macrophages and T cells. This

phosphorylation was abolished in ATM-deficient cells, and we identified

cytoplasmic ATM as a key mediator. Immunoprecipitation assays revealed that

Mn promoted ATM phosphorylation at Ser1891, Ser1981, and Ser2996. TBK1

interacted with phosphorylated ATM at early stages, but upon phosphorylation,

TBK1 dissociated from the ATM–TBK1 complex. This dissociation coincided with

enhanced antiviral cytokine production. Furthermore, Mn inhibited HIV

replication in a dose-dependent manner by inducing multiple antiviral host

factors and cytokines, with Mn-dependent ATM-TBK1 phosphorylation

pathway being patricianly involved. Together, these findings identify a

cytoplasmic ATM–TBK1 phosphorylation cycle as one of essential regulators of

antiviral innate immunity and suggest Mn supplementation as a potential

therapeutic approach against HIV and other viral infections.
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GRAPHICAL ABSTRACT
Introduction

The innate immune system serves as the first line of host

defense, aiming to prevent infection and eliminate invading

pathogens such as viruses and bacteria (1, 2). A key component

of antiviral immunity involves pattern recognition receptors

(PRRs), which detect conserved molecular features of viral

pathogens and initiate signaling pathways that lead to the

expression of antiviral genes (3). PRRs that detect extracellular

pathogen-associated molecular patterns (PAMPs) are typically

located on the plasma membrane or within endosomal

membranes (4, 5). These include Toll-like receptors (TLRs) (6–8)

and C-type lectin receptors (CLRs) (9, 10). Membrane-bound PRRs

are primarily expressed in immune cells such as macrophages and

dendritic cells (11). In contrast, intracellular PRRs are found in the

cytoplasm or nucleus of mammalian cells (4, 12). These include

NOD-like receptors (NLRs) (13, 14), RIG-I-like receptors (RLRs)

(15), and a group of intracellular DNA sensors such as cyclic GMP–

AMP synthase (cGAS) (16–18) and interferon-g (IFNg)-inducible
protein 16 (IFI16) (19), some DNA repair proteins like Ku70 (20–

22) and DNA-PKcs (DNA-dependent protein kinase catalytic

subunit) (23, 24). They play a crucial role in both DNA repair

and innate immunity, particularly in the context of DNA sensing

and signaling. These intracellular sensors are broadly or

ubiquitously expressed across various cell types, enabling the

detection of viral pathogens that have invaded the cytoplasm or

nucleus of host cells.
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Following the recognition of PAMPs, PRRs initiate innate

immune signaling through the hierarchical activation of PRR

family-specific adaptor proteins—for instance, mitochondrial

antiviral-signaling protein (MAVS) (25–28), stimulator of

interferon genes (STING) (21, 29), and myeloid differentiation

primary response 88 (MYD88) (30, 31)—as well as a shared set of

well-characterized serine/threonine kinases, which include TANK-

binding kinase 1 (TBK1), IkB kinase (IKK) complex and IKK-

related kinases: IKKe, and transcription factors: IRF1, IRF3, IRF7,

nuclear factor kappa B (NF-kB) (32–35). This signal transduction

cascade ultimately results in the production of various host defense

molecules, including type I and type III interferons (IFNs), along

with pro-inflammatory cytokines and chemokines. The secreted

IFNs act in both autocrine and paracrine manners by binding to

their respective receptors, thereby inducing the expression of

hundreds of interferon-stimulated genes (ISGs). The proteins

encoded by ISGs inhibit critical steps in the viral life cycle and

modulate innate immune sensing and cytokine production,

contributing to the establishment of an antiviral state (36, 37).

Despite rapid advances in the development of antiviral drugs for

some viruses, there remains a concerning lack of effective antiviral

drugs for many clinically significant viral pathogens. The continued

emergence of new and previously known viral pathogens, as well as

drug-resistant variants, highlights the continuous and urgent need

for the development of novel and more effective vaccines and

antivirals to combat viruses and mitigate human disease. For

example, HIV has evolved multiple sophisticated strategies to
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1708516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sui et al. 10.3389/fimmu.2025.1708516
evade recognition by innate immune sensors and to suppress the

activation of PRRs and their downstream signaling pathways,

thereby posing significant challenges to the development of

effective preventive and therapeutic interventions (38, 39).

Mn is an important dietary trace element associated with several

physiological processes such as anti-tumor immunity, development

and bone growth (40, 41). In addition to its well-established role in

general health, Mn has recently attracted attention for its

involvement in regulating innate immune responses. Mn was

shown to increase the sensitivity of cGAS to double-stranded

DNA (dsDNA) and its enzymatic activity also facilitates STING

activity by boosting cGAMP-STING binding affinity (42). Further

studies have revealed that Mn directly activates cGAS to induce a

noncanonical catalytic synthesis of 2′3′-cGAMP, through a

conformation closely resembling that of dsDNA-activated cGAS

(43). Mn has also been shown to activate natural killer (NK) cells in

neonatal mice through promoting the level of IFN (44). In addition,

the human blood-derived monocytes/macrophages exposed to Mn

show an increased production of the cytokines: interleukin (IL)-1b,
IL-6, IL-8, IFN-g and tumor necrosis factor a (TNF-a) as compared

to control-treated cells (45). Consistent with those studies, we found

that Mn enhances the induction of multiple antiviral cytokines—

including IFN-a, IFN-b, and IFN-l—but by promoting the

phosphorylation of TBK1 (46). Consistent with our findings, Sun

et al. subsequently demonstrated that Mn retains antiviral activity

in cGAS- or STING-deficient cells, indicating that its broad-

spectrum antiviral effects are exerted in a cGAS–STING–

independent manner (47). TBK1 is a serine/threonine protein

kinase that plays a central role in multiple signaling pathways,

acting as a critical regulatory node (48). Due to its involvement in

diverse cellular processes, selectively modulating TBK1 activity

within specific pathways offers a more effective strategy for

targeted regulation. In addition, ATM is also a serine/threonine

protein kinase, and is primarily activated in response to DNA

double-strand breaks and orchestrates a complex DNA damage

response by phosphorylating a wide range of substrates, including

key tumor suppressors such as p53 (49, 50). This activation leads to

cell cycle arrest, DNA repair, or apoptosis, depending on the extent

of the damage (51). We previously demonstrated that ATM is

involved in the Mn-enhanced innate immune signaling pathway

(46). However, the precise mechanism by which Mn promotes

TBK1 phosphorylation through ATM remains unclear, and the role

of ATM in innate immunity is still not fully understood. Therefore,

the present study aims to provide new insights into the regulatory

function of Mn in antiviral immunity, particularly in the context of

HIV and other viral infections.
Materials and methods

Cells

SV40 T-antigen-transformed Human embryonic kidney 293

(293T) and HeLa cells were obtained from the American Type
Frontiers in Immunology 03
Culture Collection (ATCC, Manassas, VA, USA) and maintained

according to the manufacturer’s instructions in D10 medium

(DMEM medium (Thermo Fisher Scientific, Waltham, MA, USA)

supplemented with 10% fetal bovine serum (FBS; R&D systems,

Minneapolis, MN, USA), 25 mM HEPES (Quality Biology,

Gaithersburg, MD, USA), and 5 µg/mL gentamicin (Thermo

Fisher Scientific)). A549 cells (ATCC) and ATM knockout (KO)

A549 cells (Ubigene, Austin, TX, USA) were cultured in F-12K

medium (Thermo Fisher Scientific, Waltham, MA, USA)

supplemented with 10% FBS (R&D systems), 25 mM HEPES

(Quality Biology), and 5 µg/mL gentamicin (Thermo Fisher

Scientific). ATM KO 293T cells (Ubigene) were cultured in D10

medium as described above.

To generate monocyte-derived macrophages (MDMs), CD14+

monocytes were isolated from peripheral blood mononuclear cells

(PBMCs) of healthy donors using CD14+ microbeads (Miltenyi

Biotec, San Diego, CA) and plated at 1.0 × 107 cells per 10 cm petri

dish (Thermo Fisher Scientific), and then differentiated into

macrophages by stimulation with 25 ng/mL M-CSF (R&D

Systems) in macrophage serum-free medium (Thermo Fisher

Scientific) for seven days. Differentiated macrophages were then

maintained in D10 medium prior to experimental use.

CD4+ T cells were isolated from CD14- PBMCs of healthy

donors (the flow-through from prior CD14+ cell isolation) using

CD4+ microbeads (Miltenyi Biotec), following the manufacturer’s

protocol (Miltenyi Biotec). Isolated cells were stimulated with 5 mg/
mL phytohemagglutinin (PHA; Sigma-Aldrich, St. Louis, MO,

USA) for three days in RPMI-1640 medium (Thermo Fisher

Scientific) supplemented with 10% FBS (Thermo Fisher

Scientific), 25 mM HEPES (Quality Biological), and 5 mg/mL

gentamicin (Thermo Fisher Scientific).
Plasmid and DNA transfection

The plasmid pcDNA3.1(+)Flag-His-ATM wt, pcDNA3.1(+)

Flag-His-ATM kd, and hATMS1981A were gifts from Michael

Kastan (Addgene plasmid # 31985,# 31986 and # 32300,

respectively) (52, 53). All three plasmids were used to overexpress

either wild-type or mutant forms of ATM. The plasmid PEF1a-V5-
pEF6/V5-His-TBK1, constructed from the empty vector pEF1a
pEF6/V5-His (Thermo Fisher Scientific), was used to overexpress

TBK1 for co-immunoprecipitation assays. Transfections into 293T or

ATM KO 293T cells were performed using TransIT-293 transfection

reagent (Mirus Bio, Madison, WI, USA) according to the

manufacturer’s instructions. To generate linearized noncoding

DNA for stimulation assays, the pCR2.1 plasmid (Thermo Fisher

Scientific) was digested with EcoRI, followed by purification using a

PCR purification kit (QIAGEN, Germantown, MD, USA). The

resulting linearized DNA was used as a noncoding DNA stimulant,

as previously described (54). DNA stimulation of MDMs, CD4+ T

cells and A549 cells was carried out using TransIT-X2 transfection

reagent (Mirus Bio) according to the manufacturer’s protocol.
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RNA extraction and real-time RT-PCR

Total cellular RNA was extracted using the RNeasy Mini Kit

(QIAGEN) according to the manufacturer’s instructions.

Complementary DNA (cDNA) was synthesized from total cellular

RNA using TaqMan Reverse Transcription Reagents (Thermo

Fisher Scientific) with random hexamer primers (Thermo Fisher

Scientific). Gene expression levels of IFNs or Mn-stimulated genes

were quantified using the QuantStudio™ 7 Pro Real-Time PCR

System (Thermo Fisher Scientific). The thermal cycling conditions

consisted of 40 cycles of 95°C for 15 seconds and 60°C for one

minute. Relative mRNA levels were calculated using the DDCt
method (55), with GAPDH serving as the internal reference gene.

Normalized expression was presented as the fold change relative to

the average DCt value of the control group. TaqMan gene

expression probes specific to IFNs or Mn-responsive genes were

obtained from Applied Biosystems (Thermo Fisher Scientific).
Western blot

Whole-cell lysates were prepared using RIPA buffer (Boston

BioProducts, Ashland, MA, USA) supplemented with a protease

inhibitor cocktail (Sigma-Aldrich) and Halt phosphatase inhibitor

cocktail (Thermo Fisher Scientific). Protein concentrations were

determined using the microBCA Protein Assay Kit (Thermo Fisher

Scientific) to ensure equal loading across all samples. Equal amounts

of total protein were resolved on either NuPAGE 4–12% Bis-Tris gels

or 3–8% Tris-Acetate gels (Thermo Fisher Scientific), followed by

transfer onto 0.45 µm nitrocellulose or PVDF membranes (Thermo

Fisher Scientific). Membranes were probed with the appropriate

primary antibodies, followed by HRP-conjugated secondary

antibodies. Protein bands were visualized using ECL Plus Western

blotting detection reagents (GE Healthcare, Chicago, IL, USA) and

imaged on a Chemiluminescent Western Blot Imager Azure 300

(Azure Biosystems, Dublin, CA, USA). Primary antibodies and

secondary antibodies are listed in the Supplementary Table S1. The

dilutions in the experiments are provided.
Co-immunoprecipitation assay and mass
spectrometry analysis

ATM KO 293T cells were seeded at a density of 3.5 × 106 cells

per 10-cm dish and incubated overnight. Cells were then transfected

with 6 µg of the following plasmids: pcDNA3.1(+) Flag-His-ATM

(wild-type) (Addgene) and/or PEF6/V5-His-TBK1 pEF6/V5-His-

TBK1. After 48 hours, cells were treated with 100 µM MnCl2
(Sigma-Aldrich). Cells were lysed 24 h after Mn treatment in

Pierce IP Lysis Buffer (Thermo Fisher Scientific), supplemented

with protease and phosphatase inhibitor cocktail (Sigma-Aldrich

and Thermo Fisher Scientific). Lysates were incubated overnight at

4°C with anti-FLAG M2 affinity gel (MilliporeSigma). Beads were
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washed four times with tris-buffered saline (TBS, Quality Biology),

and bound proteins were eluted by boiling for 5 minutes at 95°C in

NuPAGE™ LDS Sample Buffer (Thermo Fisher Scientific). The

resulting samples were analyzed by immunoblotting for ATM and

TBK1 expression.

For proteomic analysis, FLAG-immunoprecipitated proteins

from Mn-treated and untreated ATM KO 293T cells were

subjected to trypsin/Lys-C digestion, followed by liquid

chromatography–tandem mass spectrometry (LC-MS/MS). Raw

MS data were analyzed using Proteome Discoverer 2.5 (Thermo

Fisher Scientific) against the human protein database. Proteins

identified with matched peptide sequences and post-translational

modifications were cataloged for each condition, and a comparative

analysis between Mn-treated and untreated samples was performed

by PooChon Scientific (Frederick, MD, USA).
Immunofluorescence assay and confocal
microscopy

A549 cells were seeded at a density of 1.0 × 105 cells per well

onto Corning BioCoat Poly-L-Lysine–treated 12 mm glass

coverslips (MilliporeSigma) in 12-well plates and treated with or

without 100 µMMnCl2. At 6, 14, and 24 hours post-treatment, cells

were fixed with 4% formaldehyde (Thermo Fisher Scientific) for 15

minutes at room temperature. After fixation, cells were washed

three times with 1X phosphate-buffered saline (PBS, Quality

Biology), permeabilized with 0.1% Triton X-100 (Sigma-Aldrich)

in PBS for 10 minutes, and washed again three times with PBS. Cells

were then blocked with Intercept Blocking Buffer (LI-COR

Biotechnology, Lincoln, NE, USA) for at least 1 hour at room

temperature. Coverslips were removed from the wells and placed

face-down on one 80 mL-drop of primary antibody solution

(prepared in blocking buffer) and incubated overnight at 4°C in a

humidified dark chamber. The following day, coverslips were

washed three times with PBS and incubated with appropriate

fluorophore-conjugated secondary antibodies for 1 hour at room

temperature, followed by four times of PBS washes. The

information about the antibodies used in this assay are listed in

the Supplementary Table S1. Finally, coverslips were mounted on

glass slides using ProLong Diamond Antifade Mountant with DAPI

(Thermo Fisher Scientific), and images were acquired using a Zeiss

Axio Observer.Z1 LSM800 confocal microscope equipped with a

Plan-Apochromat 63×/1.40 oil immersion objective.
Imaging flow cytometry and data analysis

A549 cells were seeded at a density of 1.0 × 106 cells per well in 6-

well plates and treated with 100 µM MnCl2. At 24 hours post-

treatment, cells were harvested using Accutase (Thermo Fisher

Scientific) and fixed with 4% formaldehyde (Thermo Fisher
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Scientific) in 1X PBS for 15minutes at room temperature, followed by

permeabilization with 0.1% Triton X-100 (Sigma-Aldrich) in 1x PBS

for 10 minutes. Cells were incubated with primary antibodies (see

immunofluorescence assay section) overnight at 4°C, then washed

and incubated with Alexa Fluor–conjugated secondary antibodies

(Cell Signaling Technology)) for 1 hour at room temperature. After

each incubation step, cells were washed three times with 1X PBS.

Finally, cells were resuspended in 1× PBS containing 2% BSA (Sigma-

Aldrich) for downstream analysis.

Stained cells were analyzed using the ImageStream® X Mark II

Imaging Flow Cytometer (Amnis Corporation, Cytek Biosciences,

Seattle, WA, USA) at 40× magnification under low flow rate, high

sensitivity, and high gain settings. The following laser lines and

detection parameters were used: 488 nm laser (40.00 mW) for

AF488 detection in channel 2 (606–680 nm), 647 nm laser (150

mW) for AF647 detection in channel 11 (642–746 nm), 785 nm

laser (2.66 mW) for side scatter (SSC) in channel 6 (746–800 nm);

brightfield images were captured in channels 1 and 9, while

fluorescence images were acquired in Channel 2: Phospho-TBK1

(AF488), Channel 11: ATM (AF647), and Channel 6: Side scatter

respectively. A total of 50,000 single-cell events were acquired per

sample. Single-cell gating was performed using brightfield images

(channel 1) based on cell area and aspect ratio. Cells were gated to

include those with an area between 200 and 600 with an aspect ratio

(width-to-height) greater than 0.6, ensuring selection of intact,

single cells and exclusion of doublets or debris.

The intracellular expression levels of phosphorylated TBK1

(p-TBK1) and ATM in untreated and Mn-treated cells were

analyzed using IDEAS™ software (version 6.4). A specific

subpopulation of focused, single cells was defined using the following

gating strategy: Focus quality was determined by the Gradient RMS of

the brightfield image (channel 1), with a threshold of >50 to identify in-

focus cells. Single cells were then gated based on area (200–600) and

aspect ratio (>0.6), using brightfield parameters, as described above.

Visual inspection of image galleries confirmed the accuracy of gate

placement for each individual sample. The fluorescence intensity

distributions—measured as the sum of all pixel intensities per cell—

for p-TBK1 (AF488, channel 2) and ATM (AF647, channel 11) were

plotted as histograms for both untreated and Mn-treated cell

populations. Histogram overlays were used to directly compare

intensity distributions between conditions. To further examine the

distribution of p-TBK1, bivariate plots were generated showing

brightfield area vs. p-TBK1 intensity (channel 2). Isotype controls

(AF488 and AF647) for both untreated and Mn-treated samples were

used to define background fluorescence resulting from nonspecific

antibody binding. The antibodies used for staining were Mouse anti-

ATM (1:100 dilution) and Rabbit anti–p-TBK1 (1:50 dilution), the

details are listed in Supplementary Table S1.
Pseudotyped HIV-1 luciferase viruses and
ATM inhibitor

VSV-G-pseudo typed HIV-luciferase virus (HIV Luc-V) was

prepared by co-transfecting HEK293T cells with pNL4-3DEnv-Luc
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(56, 57) and pLTR-VSVG (58) using the TransIT-293 transfection

reagent (Mirus Bio) as previously described (59). Virus-containing

supernatants of HEK293T cell were harvested 48 h after transfection

and filtered with 0.45-mm Steriflip Filter Units (MilliporeSigma).

Virus particles were pelleted by ultracentrifugation at 100,000×g for

2 h, at 4 °C on a 20% sucrose in 150 mM NaCl-HEPES, pH7.4 buffer

and resuspended in D10medium. Virus concentration was quantified

using Alliance HIV-1 P24 antigen ELISA kit (Revvity, Boston, MA,

USA), and then aliquoted, stored at -80°C until use.

HIV-1 Infection assay was performed using the pseudotyped

HIV Luc-V as previously described (60). Monocytes-derived

macrophages were seeded in 96 well plate (50 × 103 cells/well),

and then infected with 50 mL of 100 ng p24/ml of HIV Luc-V for 2 h

at 37°C. Infected cells were washed twice with warm D10 medium

and then cultured for 24 h at 37°C. Cells were lysed in 1X Passive

Lysis Buffer (Promega, Madison, Wisconsin, USA) and luciferase

activity was measured using the Luciferase Assay System (Promega)

on an Enspire Multimode Plate Reader (Perkin Elmer, Boston,

MA, USA).

The ATM inhibitor Ku-60019 (Sigma-Aldrich, Cat# 5319780001)

was added at a final concentration of 10 µM 30 minutes prior to Mn

treatment (46, 61, 62).
Microarray

Microarray analysis was conducted as previously described (46).

Briefly, total cellular RNA was extracted using the RNeasy isolation

kit (QIAGEN). RNA quantity and quality were assessed using

Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific)

and an Agilent Bioanalyzer RNA Nano 6000 chip (Agilent

Technologies, Santa Clara, CA, USA). Complementary RNA

(cRNA) synthesis, labeling, and hybridization to the Human

GeneArray (Thermo Fisher Scientific) were performed according

to the manufacturer’s instructions.

Raw expression data were processed and analyzed using Partek

Genomics Suite (Partek, Inc., St. Louis, MO, USA). Arrays were

normalized via quantile normalization, and statistically significant

gene expression differences were identified using two-way ANOVA.

Functional enrichment analyses were carried out using Metascape, a

comprehensive resource for gene annotation, visualization, and

integrated discovery.
Statistical analysis

Results represent data from at least three independent

experiments. Values are expressed as mean ± standard deviation

(SD) of individual samples. Statistical significance was determined

using the student’s unpaired t-test, or one-way/two-way ANOVA

with multiple comparisons, as appropriate. p values lower than 0.05

were considered statistically significant. And are indicated as

follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p <

0.0001 (****).
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Results

Mn dose-dependently induces
phosphorylation of TBK1 across multiple
cell types with the presence of functional
ATM

In our previous study, we demonstrated that Mn enhances DNA-

mediated IFN induction in human primary macrophages and showed

that ATM plays a role in this Mn-enhanced innate immune response,

as evidenced by ATM knockdown and treatment with ATM inhibitors

(46). To address potential off-target effects of siRNA and the non-

specificity of ATM inhibitors, we employed ATMknockout (KO) A549

cells to further validate the essential role of ATM. Compared to wild-

type A549 cells (A549 WT), phosphorylation of TBK1 was markedly

reduced in ATM KO A549 cells (Figure 1A). Furthermore, Mn-

induced enhancement of IFN-l1 expression was completely

abolished in ATM KO A549 cells (Figure 1B). These results

indicated that Mn induced TBK1 phosphorylation in an ATM-

dependent manner. To determine whether these observations extend

beyond A549 cells, we next evaluated other cell lines and human

primary cells. 293T cells, HeLa cells, human primarymonocyte-derived

macrophages (MDMs), and PHA-activated human primary CD4(+) T

cells were included in the study. The results demonstrated that Mn

induced phosphorylation of TBK1 in a dose-dependent manner across

all these cell types, with ATM expression confirmed in each cell type

(Figures 1C–F). Notably, the optimal Mn concentration varied among

cell types: for example, phosphorylation of TBK1 in macrophages was

effectively induced at 25 µM Mn (Figure 1E), whereas HeLa cells

required a higher concentration of 500 µM for optimal induction

(Figure 1D). Overall, data from Figure 1 indicated that primary cells

respond to lower Mn concentrations compared to established cell lines.

Collectively, these findings confirmed that ATM was essential for Mn-

induced phosphorylation of TBK1 across diverse cell types.
Cytoplasmic ATM promotes
phosphorylation of TBK1

To define whether the interaction between ATM and TBK1

occurred, we performed immunofluorescence analysis using

confocal microscopy. Mn-treated A549 cells were collected at 6,

14, and 24 h post-treatment. Cells were fixed and stained with anti-

ATM and anti-phospho-TBK1 antibodies, then visualized under a

confocal microscope. Confocal microscopy images revealed that

ATM localized both in the nucleus and the cytoplasm of A549 cells

(Figure 2A). However, its nuclear expression was notably more

intense, indicating that ATM is predominantly a nuclear kinase. In

contrast, the phosphorylation of TBK1 progressively increased with

the duration of Mn treatment. By 24 hours post-treatment, a

substantial increase in phosphorylated TBK1 levels was observed,

characterized by a distinct punctate pattern within the cytoplasm.

This suggested that Mn induced cytoplasmic activation of TBK1

over time. The merged images further suggested that cytoplasm-
Frontiers in Immunology 06
localized ATM may interact with TBK1 and potentially contribute

to the induction of TBK1 phosphorylation.

To further quantify Mn-induced phosphorylation of TBK1 (p-

TBk1) and assess the subcellular localization of phosphorylated

TBK1 in relation to ATM, Amnis ImageStream flow cytometry

was performed. Approximately 50,000 focused cells were acquired

for each sample. Single-color controls and isotype antibody controls

were included to generate a spectral crosstalk matrix, which was

applied to each dataset for accurate spectral compensation across

detection channels. Representative single-cell images were shown in

Figure 2B. These images demonstrated that ATM expression levels

and localization remained largely unchanged between Mn-treated

and untreated cells. In contrast, p-TBK1 expression was markedly

increased in Mn-treated cells compared to untreated controls,

indicating robust induction of TBK1 phosphorylation following

Mn exposure. To further quantify the ImageStream data, the

intensity distributions—defined as the sum of all pixel intensities

per cell—for ATM and p-TBK1 were analyzed and displayed as

histograms for both untreated and Mn-treated subpopulations.

Histogram overlays were used to compare the fluorescence

intensity profiles between the two groups. As shown in Figure 2C,

the Mn-treated cell population exhibited an approximate 20%

increase in overall ATM intensity compared to the untreated

group. Notably, around 40% increase in overall p-TBK1 of the

Mn-treated cells shifted outside the distribution range of the

untreated population, indicating a substantial increase in p-TBK1

expression following 24 h Mn exposure. The isotype control staining

for ATM or p-TBK1 was shown in Supplementary Figure S1. These

findings, consistent with the confocal immunofluorescence results,

further confirmed that Mn significantly enhanced the expression of

p-TBK1 in the cytoplasm. Based on these data, we hypothesized that

the cytoplasm serves as the primary site of interaction between

cytoplasmic TBK1 and cytoplasm-localized ATM.
TBK1 initially interacts with ATM and then
dissociates from the ATM–TBK1 complex
upon its own phosphorylation

To further investigate the mechanism of the interaction between

ATM and TBK1 in the cytoplasm, a co-immunoprecipitation (co-IP)

assay was performed to determine whether ATM and TBK1 formed a

protein complex. First, ATM KO 293T cells were transfected with a

FLAG-tagged ATM plasmid and treated with or without Mn. Cell

lysates were collected at 6 and 14 hours of post-treatment, followed by

immunoprecipitation using anti-Flag antibodies to pull down ATM

and any interacting proteins. Endogenous TBK1 was detected in the

ATM-containing protein complex 6 hours after Mn treatment.

Notably, TBK1 formed a complex under untreated conditions, with

similar band intensities observed regardless of Mn treatment. This

suggested that TBK1 constitutively interacted with ATM, independent

of Mn exposure, at early time points. However, analysis of

immunoprecipitated samples collected at 14 hours post-Mn

treatment showed a slight reduction in TBK1 band intensity in the
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FIGURE 1

Mn dose-dependently phosphorylates TBK1 in multiple cell types in an ATM-dependent manner. (A) A549 wild-type and ATM KO A549 cells were
treated with increasing concentrations of MnCL2. Total cell lysates were prepared 24 hours post-treatment using RIPA buffer and analyzed by
Western blot using antibodies against ATM, TBK1, and p-TBK1. b-actin served as a loading control. Images are representatives of three independent
experiments. (B) A549 and ATM KO A549 cells were treated with the indicated concentrations of MnCL2, followed by stimulation with linearized DNA
24 hours later. After an additional 24 hours, total RNA was extracted, and IFN-l1 mRNA expression levels were measured by quantitative RT-PCR
and normalized to GAPDH. Data represents at least three independent experiments and are shown as mean ± SD (n=3). Statistical significance was
determined using Two-way ANOVA with Dunnett’s multiple comparisons test, p > 0.05 (ns), p < 0.001 (***), and p < 0.0001 (****). (C–F) 293T cells
(C), HeLa cells (D), MDMs (E), and PHA-activated CD4+ T cells (F) were treated with varying doses of MnCL2. Whole cell lysates were collected after
24 hours and analyzed by Western blot using anti-ATM, anti-p-TBK1, and anti-TBK1 antibodies. b-actin was included as an internal loading control.
All images are representatives of three independent experiments.
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FIGURE 2

Cytoplasmic ATM promotes phosphorylation of TBK1. (A) Confocal microscopy analysis of the localization and expression of ATM and p-TBK1 in
A549 cells after Mn treatment. A549 cells were grown on 12mm coverslip-inserted 12-well cell culture plates and treated with or without 100 µM
MnCL2, then fixed, permeabilized and stained with anti-ATM (green), anti-P-TBK1 (Red) antibody at 6, 14 and 24 h after Mn treatment. Nuclei
were counterstained with DAPI (blue), and cells were imaged using a 63×/1.4 objective. Images are representative of at least three independent
experiments. (B, C) AMINS analysis for the expression of ATM and p-TBK1. A549 cells were seeded on 6-well cell culture plates and treated with or
without Mn treatment at 100 µM, then detached using Accutase at 24 h after Mn treatment, fixed, permeabilized, and stained by anti-ATM (Green)
and anti-p-TBK1 (Red) antibodies, the single cell morphonology was viewed by bright field. (B) Image galleries display of brightfield, fluorescence
dyes AF647 (ATM, channel 11) and AF488 (p-TBK1, channel 2), and composite image of the two fluorescence channels. Images are representative
of at least three independent experiments. (C) Histogram overlay of ATM and p-TBK1 intensity of untreated versus Mn-treated focused single cells.
The shifted area was shaded in blue, and the shifted percentage (calculated by Fiji) were indicated in the figure.
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Mn-treated samples compared to untreated controls (Figure 3A).

Based on these results, we hypothesized that TBK1 bound to ATM

at early time points, and following its phosphorylation, phosphorylated

TBK1 dissociated from the ATM–TBK1 complex at later stages. To

further validate this hypothesis, an additional immunoprecipitation

assay was performed using a model overexpressing both ATM

and TBK1. Cell lysates were collected 14 hours after Mn

treatment. Consistent with previous observations, the intensity of the

TBK1 band was clearly reduced in Mn-treated samples compared to

untreated controls (Figure 3B). In summary, the immunoprecipitation

assays demonstrated that TBK1 is associated with ATM at early time

points and subsequently dissociated from the complex following its

own phosphorylation at later stages.
Mn enhances phosphorylation of ATM at
multiple sites at early time points, followed
by subsequent phosphorylation of TBK1 at
later stages

While we have demonstrated that Mn treatment induced

phosphorylation of TBK1, it remained unclear whether ATM itself
Frontiers in Immunology 09
undergoes phosphorylation in response to Mn, and what the precise

relationship is between phosphorylated ATM and TBK1

phosphorylation. PTM-MS analysis was performed on FLAG-

immunoprecipitated samples from Mn-treated ATM KO 293T cells

overexpressing FLAG-tagged ATM. The phosphorylation status of

ATM was examined, revealing that Mn treatment led to the

phosphorylation of ATM at multiple sites—Ser1891, Ser1981, and

Ser2996—each located within distinct ATM kinase domains

(Figure 4A). However, in comparison with the modification status of

ATM in untreated samples, Mn treatment did not induce any novel

phosphorylation sites on ATM. To validate the PTM-MS findings,

Western blot analysis was performed using an anti-phospho-ATM

(Ser1981) antibody to assess ATM phosphorylation. Phosphorylation of

TBK1 was also examined. The results, shown in Figure 4B,

demonstrated that Mn-treated samples exhibited a stronger p-ATM

(Ser1981) signal compared to untreated controls. Quantification of band

intensity using Image J analysis (Supplementary Figure S2) further

confirmed the significant increase in ATM phosphorylation upon Mn

treatment. In comparison, the band intensity of p-TBK1 in Mn-treated

cell lysates was significantly stronger than in untreated samples. This

data suggested that Mn first enhanced ATM phosphorylation, which in

turn promoted the phosphorylation of TBK1.
FIGURE 3

TBK1 first interacts with ATM and later dissociates from the ATM–TBK1 complex after it becomes phosphorylated. ATM KO 293T cells were
transfected with (A) Flag-tagged ATM or (B) a combination of plasmids encoding Flag-tagged ATM and His-tagged TBK1 and then were treated by
MnCL2 at 100 µM. Cytosolic lysates were prepared at 6 or 14 h after Mn treatment, followed by immunoprecipitation (IP) with anti-Flag antibody-
conjugated agarose. Precipitated proteins were then analyzed by Western blotting with antibodies against ATM and TBK1. Input controls were also
included. All WB images are representative of three independent co-IP experiments.
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To confirm the temporal sequence of Mn-enhanced

phosphorylation of ATM and TBK1, Western blot analysis was

performed on samples collected at various time points following Mn

treatment. Phosphorylation of ATM was detected using an anti-

phospho-ATM (Ser1981) antibody, while phosphorylation of TBK1

was assessed with an anti-phospho-TBK1 (Ser172) antibody. The data
Frontiers in Immunology 10
showed that ATM phosphorylation began at 6 hours post-Mn

treatment, peaked at 12 hours, and then gradually declined. In

contrast, phosphorylation of TBK1 was first detected at 18 hours

after Mn treatment, followed by a subsequent decrease in signal

intensity (Figure 4C). The data clearly demonstrated that ATM

phosphorylation occurred earlier, between approximately 9 to 18
FIGURE 4

Mn phosphorylates ATM at multiple sites at an earlier time point. (A) The illustration for Mass spectrometry process and identified phosphorylated
sites on ATM by Mn treatment, n=1. (B) ATM KO 293T cells were overexpressed by Flag-tagged ATM and His-tagged TBK1 and then treated by Mn
at 100 µM. The whole cell lysate was prepared and analyzed by western blot using the antibodies against p-ATM (Ser1981), ATM, p-TBK1 (Ser172),
anti-b-actin was included to indicate loading control. (C) A549 cells were seeded in 6-well cell culture plates and treated with Mn at 100 µM. The
total cell lysate was prepared using RIPA buffer at different time points after Mn treatment. The cell lysate was analyzed by anti-p-ATM, anti-ATM,
anti-p-TBK1 and TBK1 antibodies. Anti-b-actin was included as the internal loading control for the experiment. The WB images are representative of
three independent experiments.
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hours after Mn treatment, while TBK1 phosphorylation started later,

around 18 hours post-treatment. The dynamic phosphorylation

cascade from ATM to TBK1 was further demonstrated by the

densitometric analysis presented in Supplementary Figure S3. This

temporal pattern suggested that Mn first induced ATM

phosphorylation, which was then followed by phosphorylation of

TBK1. Accordingly, we proposed that Mn triggered a phosphorylation

cascade involving ATM activation upstream of TBK1.
ATM mutations in the kinase domain or at
phosphorylation site S1981 do not
completely abolish ATM-mediated
phosphorylation of TBK1

Mn induced phosphorylation of ATM at multiple sites—Ser1893,

Ser1981, and Ser2996—each located within distinct domains of the

ATM kinase protein (Figure 4A). To determine which domain or

phosphorylation site of ATM is critical for the subsequent

phosphorylation of TBK1, various ATM mutants were transfected

into ATM KO 293T cells. These ATM mutant-expressing cells were

then compared to wild-type 293T cells as well as ATMKO 293T cells

reconstituted with wild-type ATM. Consistently, in 293T cells

expressing endogenous ATM, Mn treatment induced TBK1

phosphorylation in a dose-dependent manner. In contrast, TBK1

phosphorylation was markedly reduced in ATM KO 293T cells.

Notably, a detectable level of phosphorylated TBK1 was only

observed at a high Mn concentration (200 µM) in the absence of

ATM. TBK1 phosphorylation is a complex and context-dependent

process involving both autophosphorylation and regulation by

upstream kinases. We speculated that the detectable level of p-

TBK1 likely represents the basal phosphorylation state of TBK1 at

higher Mn concentrations. TBK1 may have been phosphorylated by
Frontiers in Immunology 11
other kinases (63), or cellular stimuli. Reintroduction of wild-type

ATM into ATM KO cells fully restored Mn-induced TBK1

phosphorylation (the third panel, Figure 5). The kinase domain of

ATM is located in the C-terminal region of the protein, where three

conserved amino acids are essential for phosphotransferase activity

(64, 65). To evaluate the functional contribution of this domain, we

used an ATM kinase-dead (ATMKd) mutant construct in which two

of three critical residues were substituted (Asp2870 → Ala and

Asn2875 → Lys). It was presumed that the expression of this

mutant would markedly reduce ATM’s kinase activity. As shown in

Figure 5, however, the two mutations in the kinase domain did not

completely abolish TBK1 phosphorylation. A similar result was

observed with the ATM S1981A mutant. Collectively, these

findings suggest that neither mutation in the kinase domain nor

alteration at Ser1981 completely eliminates ATM’s capacity to

phosphorylate TBK1. This result suggests that the presence of

multiple phosphorylation sites within ATM may contribute to its

overall kinase activity toward TBK1.
Mn inhibits HIV replication through the
induction of multiple antiviral cytokines
and factors with anti-HIV activity, with the
ATM-TBK1 pathway partially involved in the
process

Our previous study has demonstrated that Mn inhibits both DNA

and RNA virus infections (46). The current data further indicated the

broad-spectrum antiviral potential of Mn, suggesting its capacity to

suppress a wide range of viral infections. Given that HIV remains a

major global public health concern, we aimed to investigate whether

Mn treatment can also inhibit HIV replication in human primary

cells. Human primary macrophages were pretreated with varying
FIGURE 5

ATM mutants retain partial phosphorylation activity toward TBK1 ATM KO 293T cells were overexpressed by transfecting plasmids encoding wild
type ATM (wt ATM), mutated ATM at kinase domain (ATM kd), mutated ATM at S1981A (ATM S1981A), respectively, and treated with Mn at varying
concentrations. The total cell lysate was collected at 24 h after Mn treatment and subjected to western blot analysis using anti-ATM, p-TBK1, TBK1
antibodies, anti-b-actin was included as internal loading control. Untransfected 293T cells were also included in the experiment to serve as positive
control. Images are representative of three independent experiments.
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concentrations of Mn prior to infection with pseudotyped HIV-Luc-

V. The results demonstrated that Mn inhibited HIV replication in a

dose-dependent manner (Figure 6A). Notably, Mn treatment at a

concentration of 25 µM resulted in over 90% inhibition of viral

replication, suggesting that Mn may induce some factors with

potent anti-HIV activities. To identify host genes induced by Mn

treatment, we performed microarray analysis comparing gene

expression profiles in human primary macrophages with and

without Mn pretreatment. This analysis revealed 1,065 genes that

were upregulated or downregulated by more than 2-fold with a p-

value < 0.05. To assess the potential relevance of these genes to HIV

inhibition, we conducted a Venn diagram analysis comparing the

1,065 of Mn-induced genes with a dataset of 2,439 known anti-HIV

host factors identified through CRISPR, siRNA, and shRNA library
Frontiers in Immunology 12
screenings, as well as interferon-stimulated genes (ISGs) (66–72)

(Figure 6B). Interestingly, 42 of the Mn-induced genes overlapped

with anti-HIV genes identified via CRISPR screening, 71 were

identified through siRNA/shRNA library screenings, and 66 were

present in the ISG database. In total, 156 of the 1,065 of Mn-induced

genes overlapped with previously identified anti-HIV host factors,

suggesting that Mn treatment may activate a network of antiviral

genes that contribute to the suppression of HIV replication. To further

characterize the 156 of Mn-induced potential anti-HIV genes in

MDMs, functional annotation analysis was performed using

Metascape (73). This analysis revealed significant enrichment of

pathways related to viral response, cytokine signaling in the

immune system, and cellular response to cytokine stimulus

(Figure 6C). And the list of 156 of Mn upregulated or
FIGURE 6

Mn inhibits HIV virus replication in MDMs by inducing multiple anti-viral cytokines or ISGs, with partial involvement of the ATM–TBK1 pathway.
(A) MDMs were treated with different concentrations of MnCL2, and 24 h later, were further infected with recombinant HIV-Luc virus. HIV replication
was determined by luciferase assay at 48 h after infection. Data represents at least three independent experiments and are shown as mean ± SD
(n=3). One-way ANOVA with Dunnett’s multiple comparisons test was performed to indicate significant changes among samples by P value in
different doses of Mn treatment vs. untreated control. P>0.05 (ns), p<0.01 (**), p<0.0001 (****) were noted. (B) Identification of host factors
associated with HIV inhibition in the Mn-induced 1065 genes. Venn diagram analysis was conducted using the Mn-induced 1065 genes and a total
of 2,439 genes of host factor identified from CRISPR, siRNA/shRNA library screening, and ISGs. (C) Functional enrichment analysis by Metascape
(Metascape.org) for 156 Mn-induced genes related with anti-HIV activities (Supplementary Table S1). (D) Total RNA was extracted from with or
without Mn-treated or ATM inhibitor Ku-60019-treated MDMs. Relative mRNA expression of indicated genes was detected using real-time RT-PCR,
the values were normalized by GAPDH expression. Data represent at least three independent experiments and are shown as mean ± SD (n=3).
Statistical significance was determined using one-way ANOVA with Dunnett’s multiple comparisons test, p > 0.05 (ns), p<0.05 (*), p < 0.01 (**),
and p < 0.0001 (****).
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downregulated anti-HIV factors was shown in the Supplementary

Table S1.

Eight genes were selected for further validation: TNFAIP6 and

IDO1 (from the anti-HIV ISG database); CCL4, CCL5, and IFI44L

(present in both the ISG and siRNA/shRNA databases); and IL1A,

PLOD2, and ANKRD1 (from the siRNA/shRNA database, with

ANKRD1 also identified in the CRISPR dataset). Among these,

CCL4 and CCL5 are known CCR5 ligands that compete with HIV

for receptor binding, thereby blocking viral entry. IFI44L is an

interferon-stimulated gene previously implicated in anti-HIV

defense (74, 75). Although specific anti-HIV activities have not

been reported for the remaining genes, their inclusion in anti-HIV

databases and strong Mn-induced expression suggest potential

relevance. The results confirmed that all eight selected genes were

significantly upregulated following Mn treatment (Figure 6D),

consistent with the microarray data. Furthermore, cells were

treated with the ATM inhibitor Ku-60019, which had been

validated in our previous study (46). The data showed that the

expression levels of five genes—TNFAIP6, CCL4, IL1A, IDO1, and

IFI44L—were markedly or partially reduced following ATM

inhibition. Meanwhile, we also attempted to use ATM KO A549

cells to evaluate the induction of anti-HIV genes in the complete

absence of ATM. However, among the six tested genes (TNFAIP6,

CCL4, IL1A, PLOD2, CCL5, and ANKRD1), only IL1A showed a

consistent induction pattern similar to that observed in

macrophages, whereas all other genes were either not induced or

only minimally induced by Mn treatment (Supplementary Figure

S4). These results demonstrate that Mn treatment induces far fewer

and significantly lower levels of anti-HIV factors in A549 cells

compared with macrophages. Collectively, these findings suggest

that Mn-mediated induction of anti-HIV factors occurs

predominantly in macrophages, and that immortalized cell lines

are not appropriate models for these experiments. Overall, these

results suggest that the ATM–TBK1 signaling pathway may be

partially involved in Mn-mediated anti-HIV activities.
Discussion

We have previously reported that supplementation of Mn in the

form of Mn2+ in culture medium enhances innate antiviral immune

response against DNA or RNA virus infection. This phenomenon is

due to an increase in the phosphorylation of TBK-1. The use of

siRNA against ATM or the ATM inhibitor Ku-60019 demonstrated

that ATM, a protein kinase, is involved in this pathway (46).

However, both siRNA and small molecule inhibitors can produce

unintended side effects. siRNA, even when designed for specific

mRNA silencing, may inadvertently suppress transcripts with

similar sequences or trigger unexpected signaling pathways (76).

Conversely, small-molecule inhibitors can engage off-target

proteins or pathways, leading to unforeseen biological effects (77).

Therefore, whether ATM is directly involved in the Mn-mediated

enhancement of the innate immune response remains to be fully

confirmed, and the molecular mechanisms underlying the
Frontiers in Immunology 13
interaction network among Mn, ATM, and TBK1 have not yet to

be elucidated. In this study, we aimed to fully elucidate the role of

ATM in the Mn-induced TBK1 phosphorylation pathway.

Experiments using ATM KO A549 and ATM KO 293T cells

consistently demonstrated that both TBK1 phosphorylation and

the Mn-mediated enhancement of the antiviral innate immune

response were abolished in the absence of ATM. These findings

provide further evidence that ATM is involved in Mn-induced

TBK1 phosphorylation.

ATM is a versatile protein kinase with diverse roles in DNA

damage response, cellular homeostasis, and disease pathogenesis

(78, 79). It is considered as a nuclear protein associated with the

chromatin and nuclear matrix (80). We demonstrated that ATM

localizes to both the nucleus and cytoplasm, indicating that it may

also exert functional roles in the cytoplasm. We further confirm that

p-TBK1 is predominantly localized in the cytoplasm, and its

expression intensity progressively increased with the duration of

Mn exposure. Based on this observation, we subsequently

demonstrated that cytoplasmic ATM interacts with cytoplasmic

TBK1. Moreover, the punctate staining pattern of p-TBK1 suggests

that TBK1 forms homodimers upon phosphorylation (81).

In the immunoprecipitation assay, the amount of TBK1 bound to

ATM decreased at 14 h post-treatment compared with samples

collected at the same time points but without Mn treatment. This

observation suggested that unphosphorylated TBK1 interacted with

ATM at the initial stage, and that the TBK1–ATM interaction is a

transient process. TBK1 dissociated from the ATM–TBK1 complex

after phosphorylation, illustrating the dynamic nature of the ATM–

TBK1 interaction. Subsequently, phosphorylated TBK1 may

translocate to other regions of the cytoplasm to activate

downstream signaling pathways. This process is consistent with the

biology function of TBK1 as a kinase protein in innate immune

response (82). TBK1 is a kinase involved in innate immunity,

autophagy, and cell cycle regulation. It can be found in various

cellular locations, including the cytosol, endosome membrane, and

nucleoplasm. Interestingly, TBK1’s localization is often regulated by

interactions with adaptor proteins, which can direct it to specific

cellular compartments and signaling pathways (83–85). So, the

translocation of TBK1 within the cytoplasm is consistent with the

function switches of TBK1.

ATM is a large protein kinase, a member of the

phosphatidylinositol 3-kinase-like protein kinase (PIKK) family (78).

ATM is known as a master regulator of the cellular response to DNA

double-strand breaks (DSBs) and related genotoxic stress in the nucleus

(86). When DSBs occur, ATM becomes an activated form and then

initiates a complex signaling network by phosphorylating various

downstream proteins, including p53, Chk2, and H2AX, leading to

processes like cell cycle arrest and DNA repair (50, 87). In the current

study, we demonstrated ATM also phosphorylated TBK1, and ATM

facilitated TBK1-mediated activating of downstream signaling.

However, what is the status of ATM after Mn treatment? Mn is an

essential trace element and serves as a cofactor for many enzymes (41).

Studies show that Mn can activate ATM kinase activity (88). A specific

signaling pathway involving ATM and the tumor suppressor protein
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p53 has been identified to be Mn dependent (88). Our current study

suggested that Mn phosphorylated ATM at multiple sites, Ser1891,

Ser1981, and Ser2996, and all the phosphorylation sites contribute to

downstream TBK1 phosphorylation, since the mutations in the kinase

domain and single mutation at Ser1981 had no critical effect on the

activity of TBK1 phosphorylation. However, in the context of DNA

damage, autophosphorylation at Ser1981 is widely recognized as a

hallmark of ATM activation. Phosphorylation at this site stabilizes

ATM at DSBs and is essential for an effective DNA damage response

(89). Most naturally occurring ATMmutant proteins are unstable (90),

making it technically challenging to generate and analyze all single-site

phosphorylation mutants. Further studies are needed to specifically

evaluate the role of each individual phosphorylation site in regulating

TBK1 phosphorylation.

Furthermore, we confirmed that the phosphorylation of ATM is

the upstream event of TBK1 phosphorylation. Inactive ATM

typically forms a homodimer. This dimeric structure is crucial for

maintaining ATM in an autoinhibited state. In this form, key

regulatory elements within the ATM dimer restrict access to the

active site, preventing substrate binding and kinase activity (79, 91,

92). Upon activation, the ATM dimer dissociates, forming active

monomers. The monomeric form allows for a structural

rearrangement that removes the inhibitory constraints on the

active site. This liberation of the active site allows ATM to bind

and phosphorylate its target proteins (93). Active ATM then

phosphorylates a variety of downstream proteins involved in

DNA repair, cell cycle control, and apoptosis. For example, ATM

phosphorylates members of the MRN (MRE11-RAD50-NBS1)

complex, which are crucial for repairing DNA damage (94). And

we confirmed in the current study that Mn initially phosphorylated

ATM, and the active form of ATM then phosphorylated TBK1,

followed by an enhanced induction of innate immune response.

Thus, the Mn-mediated ATM-TBK1 phosphorylation is essential

for Mn-mediated antiviral activities.

In this study, we delineated an Mn-enhanced antiviral innate

immune response mediated by an ATM–TBK1 phosphorylation axis,

wherein ATM activation positively correlated with TBK1

phosphorylation. ATM exhibits an Mn-dependent function, a

previously unrecognized role in innate immune responses that are

commonly present in multiple cell types. The ATM–TBK1 dynamic

cycle is essential for the Mn-mediated innate immune response.

However, Zhang et al. reported an alternative ATM–TBK1 model,

where ATM inhibition triggers TBK1 activation and type I IFN

production in pancreatic cells, a response that is further amplified by

radiation (95). In their study, radiation-induced DNA damage leads

to the release of damaged DNA into the cytoplasm, which activates

the cGAS–STING pathway, culminating in TBK1 activation and IFN

production. In this pathway, ATM does not directly phosphorylate

TBK1; rather, ATM inhibition reduces phosphorylation of CHK2

and AKT2 while increasing phosphorylation of p70-S6K and SRC,

with phosphorylated SRC subsequently phosphorylating TBK1 (95).

Therefore, we speculated that the interplay between ATM and TBK1

is stimulus- and cell-type dependent, and the signaling pathway may

differ under distinct biological contexts. Additionally, our study

demonstrates that Mn directly induces ATM phosphorylation at
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Ser1891/1981/2996, whereas DNA damage primarily relies on

Ser1981 autophosphorylation. This suggests that site-specific

phosphorylation of ATM may determine its distinct downstream

functions in the contexts of innate immunity and DNA repair.

Wang et al. reported that Mn binds to cGAS, increasing its

sensitivity to dsDNA and enhancing the production of the

secondary messenger cGAMP. Mn also increases the binding

affinity between cGAMP and STING. Activation of the cGAS-

STING pathway subsequently leads to the production of type I

interferons (IFNs) and other cytokines (42). Mn was also shown

essential in the innate immune sensing of tumors (96, 97). Mn

administration promotes the maturation of dendritic cells and

macrophages and enhances tumor-specific antigen presentation

(42, 98). Our previous study revealed that Mn enhances both

DNA and RNA virus-mediated antiviral activities through

increasing the phosphorylation of TBK1 (46), implicating that

Mn may work in any TBK1-involved signaling pathway. We

further evaluated the potential antiviral activity of Mn on HIV

virus infection and the data suggested that Mn dose-dependently

inhibits HIV virus infection in human primary macrophages. This

data further motivated us to investigate whether Mn induces some

antiviral factors which has been validated with antiviral activities

previously. The microarray analysis indicated that 156 of the 1,065

Mn-induced genes overlapped with previously identified anti-HIV

host factors (66–72, 99, 100). And those genes were highly focused

on the response to viruses or bacterium, cytokine signaling in

immune system. So, we proposed that Mn treatment may activate

a network of antiviral factors that contribute to the suppression

of HIV replication. In the current study, we used recombinant

HIV virus expressing the Vesicular Stomatitis Virus glycoprotein

(VSV-G) instead of HIV envelope protein, so the viruses enter

macrophages without using HIV receptors (CD4 and chemokine

receptors, CCR5 or CXCR4). VSV-G binds to receptors on host cell

surface including the low-density lipoprotein receptor (LDLR) via

endocytosis and complete only a single round of infection. As such,

this system allowed us to focus on HIV-1 infection at a post-entry

level (101, 102). We have planned to use replication competent HIV

virus for infection in next step to further fully evaluate the antiviral

efficiency of Mn with more physiology relevance. However, the

current finding provided valuable insight on developing new anti-

HIV reagents to fight HIV virus infection on humans. Since Mn

induced 156 of multiple anti-HIV factors to suppress HIV virus

infection, it is supposed there would be less opportunities for HIV

virus to develop Mn-resistant mutations. Using the ATM inhibitor

Ku-60019, we further found that Mn-induced expression of several

antiviral genes (TNFAIP6, CCL4, IL1A, IDO1, and IFI44L) was

significantly reduced, whereas other genes (PLOD2, CCL5,

ANKRD1) were unaffected or not inhibited. These results suggest

that Mn induces a broad antiviral response through both TBK1-

dependent and TBK1-independent pathways, with the ATM–TBK1

pathway contributing partially to the overall anti-HIV effect.

Further studies are needed to dissect the cooperative mechanisms

underlying Mn’s potent anti-HIV effects.

Our results also indicate that primary cells, such as MDMs, are

more sensitive to Mn than immortalized cell lines; for example,
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HeLa cells require 500 µM Mn to induce TBK1 phosphorylation,

whereas MDMs respond to only 25 µM. This difference may reflect

higher basal expression of ATM and other components of the

TBK1-involved innate immunity pathway in primary cells, as well

as the presence of additional synergistic factors that enhance

pathway activation. Mn incorporation into cells is mediated via

multiple channels and transporters (103, 104), thus the expression

level of the Mn-channel or transporter may also effect the Mn

efficiency. Importantly, this cell-type-specific sensitivity suggests

that the optimization of Mn dosing may need to be contingent upon

the target cell type in the context of potential antiviral applications,

with lower doses potentially sufficient for primary immune cells and

higher doses required for certain transformed or immortalized cells.

In summary, we further elucidated the role of ATM in Mn-

mediated antiviral responses. Mn first induced phosphorylation of

ATM, which in turn phosphorylated TBK1. Initially, TBK1

interacted with monomeric ATM and became phosphorylated.

Upon phosphorylation, TBK1 dissociated from the ATM complex

and activated downstream signaling pathways, thereby enhancing

the antiviral response. The broad-spectrum antiviral activity of Mn

also inhibits HIV replication, highlighting its great potential for the

development of novel anti-HIV therapeutic formulations.
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SUPPLEMENTARY FIGURE 1

Sequential gating strategy for analysis in IDEAS™ (v6.4) analysis software. (A)
Histogram of channel 1 brightfield (BF) gradient RMS of all acquired cells for
selection of focused cells. (B) Selection of single cells from focused cells

population using a density scatter plot of brightfield area versus brightfield
aspect ratio. (C, D) Histogram overlay of intensity of focused single cell

subpopulations of AF647 isotype control versus untreated and Mn-treated

cells. (E, F) Histogram overlay of intensity of focused single cell
subpopulations of AF488 isotype control versus untreated andMn-treated cells.

SUPPLEMENTARY FIGURE 2

A densitometry analysis was performed according to the data shown in Figure 4B
by Fiji. The intensity of band for p-ATM or p-TBK1 is normalized by total ATM or

TBK1, respectively. Data represents at least three independent experiments and

are shown as mean ± SD (n=3). A student’s t test was performed to compare the
phosphorylation of ATM and TBK1 under two conditions without Mn vs. with Mn.

** stands for p<0.01. The data represents three independent experiments.
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SUPPLEMENTARY FIGURE 3

A densitometry analysis was performed according to the data shown in
Figure 4C by Fiji. The intensity of band for p-ATM or p-TBK1 is normalized

by total ATM or TBK1, respectively. Data represents at least three independent
experiments and are shown as mean ± SD (n=3).

SUPPLEMENTARY FIGURE 4

Mn treatment induces far fewer and much lower levels of anti-HIV factors in

A549 cells. Total RNA was extracted fromwith or without Mn-treated A549 or
ATM KO A549. Relative mRNA expression of indicated genes was detected

using real-time RT-PCR. The values were normalized by GAPDH expression.
Data represents three independent experiments and are shown as mean ± SD

(n=3). Statistical significance was determined using two-way ANOVA with

Bonferroni’s multiple comparisons test, p > 0.05 (ns), p<0.05 (*), p < 0.001
(***), and p < 0.0001 (****).

SUPPLEMENTARY TABLE 2

Total 156 genes are listed for Mn upregulated or downregulated anti-HIV
factors (fold changes > 2). Group classification corresponds to the cross-

referenced databases shown in Figure 6B.

SUPPLEMENTARY TABLE 1

A list of antibodies used for western blot, immunofluorescence and Imaging

flow cytometry assays. The information about the catalog numbers, suppliers

and dilutions is provided.
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