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Abstract  Lead exposure is of high prevalence, 
and over a billion people are chronically exposed to 
alarming level of lead. Human immune system is 
highly vulnerable to lead, but the underlying mecha-
nism remains unknown. Using single-cell mass 
cytometry and mass spectrometry-based proteomics, 
we performed a panoramic survey of lead targets at 
both cellular and molecular levels in murine immune 

system upon chronic lead exposure. We produced a 
single-cell landscape of lead, thiol metabolism and 
lead-induced toxicity across all immune cell types. 
We found that immune cells with extreme thiol 
metabolism are the most sensitive upon chronic lead 
exposure. It shows that CD4 + T cells and neutrophils 
are the most sensitive to lead, which is due respec-
tively to a molecular mechanism rooted in their char-
acteristic thiol metabolic capacity. Meanwhile, we 
found that lead accumulation by RBC further inflicted 
secondary toxicity to RBC phagocytes in spleen, e.g. 
macrophages and neutrophils. Unlike CD4 + T cells, 
which can be rescued by supplementation with thiol 
chelator, lead toxicity in these phagocytes cannot be 
effectively mitigated by thiol chelators. Overall, it 
forms a multiscale panoramic lead-immune system 
interactome upon chronic lead exposure, which pro-
vides valuable information for proactive prevention, 
therapy formulation and public health evaluation.
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Immunotoxicity · Thiol metabolism · CD4 + T cell · 
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Introduction

Lead (Pb) was introduced thousands of years ago as 
a byproduct of silver mining, and widely used ever 
since in various purposes (Smith et al. 2018; Gibbons 
2020). The most environmentally influential event 
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of lead pollution is the addition of tetraethyl lead to 
gasoline as an antiknock agent, which made a pollu-
tion of global scale. Even though leaded gasoline is 
banned since 1996, environmental residual and many 
other sources of lead pollution remains (Resongles 
et al. 2021; Makoni 2021; Sonne et al. 2022; Bellinger 
2016). Current baseline blood lead levels in human 
populations range from 10 to 100 ppb, vary according 
to country or region (Skerfving and Bergdahl 2015). 
According to WHO report in 2021, lead causes 1 
million death each year, which takes up about half 
of global chemical caused death (Cisse 2023), and 
around 1/3 of children globally, which is 815 million, 
have blood lead level higher than the alert level of 
5 μg/dl (50 ppb) (Rees and Richard 2020).

Lead is notorious for its toxic effects on cogni-
tive development and hematopoiesis in children, as 
well as its toxicity to the immune system (McFar-
land et  al. 2022; Gibson et  al. 2022; Marshall et  al. 
2020). Immune cells are constantly exposed to blood 
lead, and diverse lead-induced toxicities in various 
immune cell types have been reported (Fenga et  al. 
2017). Unfortunately, our understanding of lead-
induced immunotoxicities remains mostly at the stage 
of symptom descriptions. It could be due to the cell 
type heterogeneity of immune system, and symptoms 
of immunotoxicity are not as easily perceivable as 
neural or hematopoietic toxicity. It is widely accepted 
that there is no safe threshold for lead exposure. Lead 
can induce immunotoxicity at low concentrations, 
suggesting biological targets of high specificity. Con-
sidering the high prevalence of chronic mild lead 
exposure in humans, the health hazards of lead on the 
immune system could have been greatly underesti-
mated. Thus, it is important to clarify the underlying 
mechanisms behind lead-induced immunotoxicity.

In vitro studies indicate that biological thiols, pro-
tein metal-binding sites and nucleic acids are biologi-
cal targets of lead. Glutathione (GSH) and metallothio-
nein (MT) are major metal scavenging thiols in human. 
GSH is a highly abundant tripeptide with medium 
binding affinity to metal, whose metal conjugates can 
be removed by multidrug resistance protein (MRP) 
(Leslie 2012; Mielniczki-Pereira et  al. 2008). GSH 
removal of heavy metal can be described by a math 
model named sequestration-aided passive transport 

(SAPT) (Hong et al. 2015; Lim et al. 2020). MT is a 
cysteine-rich protein with extremely high binding affin-
ity to lead (Banci et al. 2010). And about 90% of blood 
lead locates within red blood cells (RBC), which binds 
the cysteine-rich zinc-binding site of δ-aminolevulinic 
acid dehydratase (ALAD) (Mani et  al. 2018). Due to 
atomic similarity, Pb2+ also shows high binding affin-
ity to protein Ca2+ binding sites, especially those with 
low coordination number (Kasten-Jolly and Lawrence 
2018; Dudev et al. 2018). Furthermore, Pb2+ can cat-
alyze phosphodiester cleavage in RNA (Palou-Mir 
et al. 2017).It removes proton from the 2’-OH of RNA 
ribose and facilitates breakage of RNA phosphodiester 
backbone (Pan and Uhlenbeck 1992). Pb2+ binding to 
certain sequences of RNA/DNA forms ribozymes or 
deoxyribozymes, which can efficiently cut RNA/DNA 
(Barciszewska et al. 2003; Kim et al. 2007).

Despite all the in vitro studies, less is known about 
the in vivo interaction between lead and its apt molecu-
lar targets in immune cells. The landscape of metal 
scavenging thiols in immune cells is also unclear. For-
tunately, we found that current technology and bioinfor-
mation are sufficient to support a systematic proteome-
wide survey of lead-immune system interaction, which 
could help us fill the gap between biochemistry and 
immunotoxicity of lead.

In this study, we first used mass cytometry (CyTOF) 
to study the single-cell landscapes of lead accumula-
tion, thiol metabolism and lead’s impacts on immune 
cells. The findings showed that neutrophils, naïve CD4 
+ T cells and splenic RBC phagocytes are the most 
susceptible upon lead exposure. Using liquid chroma-
tography mass spectrometry (LC–MS), we examined 
lead-induced proteomic changes in susceptible cells 
and protein-lead interaction using Cellular Thermal 
Shift Assay (CETSA). We integrated above proteome-
wide data with bio-databases in an enrichment and net-
work analysis-based inference framework, which helps 
us identified lead target proteins and signaling pathways 
involved in the diversified toxicities of lead in differ-
ent immune cell types. Overall, it forms a lead-immune 
system interactome upon chronic lead exposure across 
cellular and molecular levels, which provides unprece-
dented panoramic information for proactive prevention, 
therapy formulation and public health evaluation.
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Materials and methods

Experimental design

This study was designed to use mass cytometry 
(CyTOF) to examine single-cell lead distribution 
and the strength of thiol metal scavenging system in 
different immune populations from C57BL/6 mice 
treated with lead nitrate by intragastric administration 
(i.g.). The RBC and leukocytes were separated from 
peripheral blood, spleen and lymph node. The abso-
lute amount of lead was determined using inductively 
coupled plasma mass spectrometry (ICP-MS). Percoll 
separated splenic immune cells, purified naïve CD4 
+ T cells and cell lines were used for functional and 
proteomic study. Experiments were triplicated, and 
only replicable results were chosen.

Cell culture

HL-60 (ATCC® CCL-240 TM) cells were cultured 
in a humidified atmosphere of 5% CO2 at 37 °C with 
IMDM (Iscove’s Modified Dulbecco’s Medium, 
Gibco 12,440–053) containing 12% fetal bovine 
serum (FBS, Gibco 10,438–026) and 100 U/mL 
penicillin–streptomycin (Gibco 15,140–122). HL-60 
cells were incubated in the above medium containing 
1.25% DMSO (v/v) for 6  days to further differenti-
ate into neutrophils (dHL-60). HEK293 T (ATCC® 
CRL-3216) cells were cultured in a humidified 
atmosphere of 5% CO2 at 37 °C with DMEM (Dul-
becco’s Modified Eagle Medium, Gibco 12,100–046) 
containing 12% fetal bovine serum (FBS, Gibco 
10,438–026) and 100 U/mL penicillin–streptomycin 
(Gibco 15,140–122).

Animal experiments

C57BL/6 mice (male, 7  weeks old, 15–25 g) were 
treated (i.g.) either without or with 60 mg lead nitrate 
and 450 mg Bucillamine per Kg body weight daily 
for 4  weeks before sampling. The volume of water 
consumed by each mouse was carefully measured 
and recorded as the volumes of waters consumed per 
mouse per day. All mice were anaesthetized with iso-
flurane before sampling and sacrificed by manual cer-
vical dislocation. Peripheral blood, lymph nodes and 
spleen were collected for further analysis. All animals 
had acclimatized for 1 week after arrival. All studies 

were performed at Shanghai Jiao Tong University 
in accordance with the Shanghai Jiao Tong Univer-
sity Institutional Animal Care and Use Committee 
(IACUC) guidelines (Animal ethical permission No: 
BME-2019043).

Chemicals and reagents

Cisplatin was obtained from Sigma-Aldrich (St. 
Louis, MO, USA). Metal-labelled antibodies, MAX-
PAR ® X8 labeling reagent kits and Cell-ID™ IdU 
were purchased from Fluidigm Corp (South Fran-
cisco, CA, USA). Non-metal-labelled and BSA-free 
antibodies were purchased from Abcam Trading 
(Shanghai) Company Ltd (Shanghai, PRC) and Bio-
legend (San Diego, CA, USA). See Table S1 for the 
panel of antibodies. Lead nitrate (No.80073614) was 
purchased from SinoPharm Ltd (Shanghai, PRC). 
L-Buthionine-sulfoximine (L-BSO) was obtained 
from Sigma-Aldrich (St. Louis, MO, USA). RNAiso 
Plus for RNA extraction was purchased from 
TAKARA Bio Inc (Shanghai, PRC).

Percoll separation of immune cells

Percoll density gradient centrifugation was used to 
separate immune cells from cell samples. Percoll 
was diluted using PBS. Blood was centrifuged at 400 
g for 5 min to separate serum from blood cells. The 
blood cells were then mixed with Percoll to form a 
final 40% percoll concentration. Without disturbing 
the interface, cell-containing 40% percoll was care-
fully loaded on an 80% percoll layer, and centrifuged 
at 400 g for 30 min. immune cells were carefully col-
lected from the interface between the 40% and 80% 
Percoll layer.

Mass cytometry by time of flight (CyTOF)

All cell samples were processed according to standard 
protocol provided by the manufacturer (Fluidigm Pro-
tocol PN 400276). Each sample contained two million 
cells (in 2  ml water). Cells from each sample were 
either left untreated or stimulated for 4 h using eBio-
science™ Cell Stimulation Cocktail (500X), which 
contains phorbol-12-myristate-13-acetate (PMA) 
and ionomycin. 2  μM Cisplatin was added to cells 
for 5  min as an indicator of dead cells, the staining 
was terminated by addition of 2 ml of Cell Staining 
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Buffer (Fluidigm). The cells were centrifuged (500 g 
for 5 min), the supernatant was removed and incubate 
with anti-CD16/32 antibody at room temperature for 
10 min. The cells were then stained with a mixture 
of metal-tagged antibodies at room temperature for 
30 min (For the complete list of antibodies, please 
see Supplementary Table. S1). Metal pre-loaded anti-
bodies were validated by the manufacturers for mass 
cytometry applications, and metal-labeling of anti-
bodies was prepared using the Maxpar X8 Multimetal 
Labeling Kit (Fluidigm Corp) according to manu-
facturer’s instructions. Optimal concentrations were 
determined by titration. The cells were then washed 
twice with Cell Staining Buffer, the supernatant was 
removed, 100 μl of calcium and magnesium-free PBS 
was added, and the cells were vortexed for 5  s. The 
suspended cells were then stained using Cell-ID™ 
Intercalator-Ir (Fluidigm) according to the manufac-
turer’s guide (available online). The cells were finally 
washed once using Cell Staining Buffer and three 
times with deionized water before CyTOF examina-
tion. The CyTOF instrument (Fluidigm Corp, South 
Francisco, CA, United States) was cleaned, tuned and 
calibrated before experiments. Argon gas was used 
for generating the plasma and nebulizing cell suspen-
sion. Processed samples were applied to CyTOF, with 
a flow rate of 30 μl/min, measured in a dual instru-
ment mode. The raw data were generated as standard 
FCS file, randomized and normalized by Software 
Helios version 6.5.358 (Fluidigm Corp, South San 
Francisco, CA, United States). Data were analyzed 
using Python.

Inductively Coupled Plasma Mass Spectrometry 
(ICP‑MS)

ICP-MS was used to monitor the cellular levels of 
all interested metals. Harvested tissue culture cells 
were dissolved by 0.2 mL of 50% HNO3 and 50% 
H2O2 (1:1 volume ratio) at 60 °C for 1 h using a Ther-
molyne Dri-Bath. The dissolved samples were diluted 
to appropriate concentration for quantification of met-
als using ICP-MS. Metal quantifications were tripli-
cated and average values were used.

Protein lysis and digestion for proteomics analysis

Medium was aspirated, cells were washed with 
ice-cold PBS three times. Cells were scraped and 

collected in 1.5 ml vials. Cells were pelleted by cen-
trifugation for 5 min at 800 × g at 4 °C. Cell pellets 
were snap-frozen in liquid nitrogen and stored over-
night at − 80 °C until further analysis. Pellets were 
thawed, cells were lysed with buffer (Beyotime) 
containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% 
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 
supplemented with complete protease inhibitor mix-
ture (Beyotime). Cells were placed on the ice for 30 
min, sonicated for 15 cycles of 30 s. The total pro-
tein concentration was determined using a BCA 
assay (Thermo). Then cells were heated for 5 min at 
95 °C. Proteins were first desalted with acetone, then 
reduced with 7 M DTT and alkylated with 1 M IAA 
respectively. Proteins were digested overnight at 37 
°C with trypsin (Promega) with an enzyme to sub-
strate ratio of 1:50. Samples were desalted using Sep-
Pak C18 cartridges (Waters), eluted with 60% ace-
tonitrile (ACN)/0.1% formic acid (FA) and directly 
subjected to peptide enrichment. The total peptide 
concentration was determined using Pierce™ Quanti-
tative Colorimetric Peptide Assay (Thermo). Samples 
for proteome analysis were instead dried down and 
stored at − 80 °C until subjected to nLC-MS analysis.

Reverse phase chromatography and mass 
spectrometry

Peptides were subjected to reversed phase nLC-MS/
MS analysis using an Easy nLC1200 system coupled 
to a Q Exactive HF-X mass spectrometer (Thermo 
Fisher Scientific) for the proteome analysis. The chro-
matograph system was equipped with a trap column 
(Acclaim PepMap™ 100, 75 μm × 2 cm, C18, 3 μm, 
100 Å) and an analytical column (Acclaim PepMap™ 
RSLC, 75 μm × 25 cm, C18, 2 μm, 100 Å). Trapping 
was performed for 3  min in solvent A (0.1% FA in 
water) at 2  µl min−1, while for the elution the flow 
rate was passively split to 300 nl min−1. The gradi-
ent was as follows: 0–1 min, 8% buffer B (0.1% FA in 
80% ACN); 1–98 min, 8% to 28% buffer B; 98–112 
min, 28% to 36% buffer B; 112–116 min, 36% to 
100% buffer B; 116–120 min, 100% buffer B.

The mass spectrometer was operated using Xcali-
bur (version 4.1, Thermo Scientific) in data-depend-
ent mode. The Orbitrap full-scan MS spectra from 
m/z 350–1800 were acquired at a resolution of 60,000 
after accumulation to a target value of 3e6. The maxi-
mum ion injection time was 20 ms. Up to twenty most 
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intense precursor ions were selected for fragmenta-
tion, with the isolation window set to 1.6 m/z. HCD 
fragmentation was performed at normalized colli-
sion energy of 28% after the accumulation to a target 
value of 2e5, with the maximum injection time of 25 
ms. MS/MS was acquired at a resolution of 15,000. 
Dynamic exclusion was set to 60 s.

Cellular Thermal Shift Assay (CETSA)

HEK-293 T cells were harvested, washed with PBS 
and diluted in PBS containing protease inhibitor 
cocktail. The cell suspensions were freeze-thawed 
three times using liquid nitrogen and then centrifuged 
at 20,000 × g for 20 min at 4  °C. The supernatants 
were collected and diluted with PBS containing pro-
tease inhibitor cocktail and divided into aliquots (50 
µL), 5 aliquots being treated with different concentra-
tions of lead nitrate and one aliquot was treated with 
water as a control. After a 30-min incubation at room 
temperature the lysates were heated at 52 °C for 3 min 
and cooled at 25 °C for 3 min (A600 Super Gradient 
Thermal Cycler, LongGene). The lysates were cen-
trifuged at 20,000 × g for 20 min at 4 °C. The solu-
ble fractions were separated from precipitates and 
transferred to new microtubes. The final supernatants 
were analyzed with the proteomic analysis procedure 
described above.

Glutathione assay

Collected cell samples were homogenized in assay 
buffer (100 mM potassium phosphate, pH 7.0, 5 mM 
EDTA), frozen and thawed twice, and centrifuged at 
10, 000 g, 4 °C for 10 min. The supernatant was then 
used for further experiments. The intracellular glu-
tathione levels were measured colorimetrically based 
on reduction of 5,5-dithiobis (2-nitrobenzoic acid) 
(DTNB) into TNB by glutathione. TNB absorption at 
405 nm was used for quantification. In the presence 
of NADPH and glutathione reductase (GR), the oxi-
dized GSH and the original GSSG were both continu-
ously reduced back to GSH and interact with DTNB 
to produce TNB. The reaction was measured by 
kinetic reading at 405 nm (1 min interval for 5 min). 
The slope of absorption at 405 nm through time rep-
resents the level of glutathione.

Purification of murine naïve CD4 + T cells

Murine naïve splenic CD4 + T cells from C57BL/6 
mice were negatively enriched by MojoSort Mouse 
CD4 Naïve T cell Isolation Kit (BioLegend). Purified 
CD4 + naïve T cells were used for ELISA or prot-
eomic study.

Routine blood test

Blood samples were collected from the orbital sinus 
of mice with anticoagulant tubes (367,878, BD Vacu-
tainer, USA). 100 μl of whole blood samples were 
injected into routine blood tests via an automatic 
hematology analyzer.

Flow cytometry

The blood mononuclear cells were purified with 
Percoll buffer and stained with CD45-FITC (BD 
Pharmingen, USA, Cat# 553,080), CD3-BV421 (BD 
Pharmingen, USA, Cat# 562,600), CD4-BV510 (BD 
Pharmingen, USA, Cat# 563,106), CD8-PE-Cy7 (BD 
Pharmingen, USA, Cat# 552,877). Flow cytometry 
was performed using BD FACSA instrument and the 
data were analyzed using Flowjo software.

Manual Gating of CyTOF data

Manual gating of mass cytometry data was performed 
using Python. A hierarchical gating strategy was used 
to identify live, single cells of main immune cell sub-
sets based on the expression of protein markers. This 
gating strategy is derived from the procedure that 
assay manufacturer has provided (Fluidigm, PRD013-
201306 V7, attached in supplement).

Data visualization

The CyTOF data are visualized using algorithms 
T-distributed Stochastic Neighbor Embedding (t-
SNE) and Principal Component Analysis (PCA). 
t-SNE visualization was performed using Python 
TSNE module from sklearn.manifold. Default param-
eters were used. PCA visualization was performed 
using Python PCA module from sklearn.decomposi-
tion. Default parameters were used. The proteomic 
data were visualized using Cytoscape, Perfused Force 
Directed Layout was used.
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Databases for proteomic analysis

Multiple databases were used for proteomic data 
analysis. Gene ontology and annotation databases 
from http://​geneo​ntolo​gy.​org. Version: Gene Ontol-
ogy database: format-version: 1.2, data-version: 
releases/2020–10-09; Gene Ontology Annotation 
database: gaf-version: 2.1, PANTHER version: 
v.15.0., GO version: 2020–09–10. String protein 
interaction database from https://​string-​db.​org. Ver-
sion 11.0. Protein domain database InterPro from 
https://​www.​ebi.​ac.​uk/​inter​pro/. Release 84.0, 11 th 
February 2021.

Statistical analysis

Data were analyzed and visualized using Excel, 
Graphpad Prism, Cytoscape and Python scipy.stats. 
Results were all presented as mean ± SD. Each meas-
urement was at least triplicated. The statistical signifi-
cance was examined using the Student’s t-test. Statis-
tical significance was P < 0.05. Power analysis was 
performed with Cohen’s effect size = 0.8, significance 
= 0.05, sample sizes required for all experiments were 
satisfied.

Results

Single‑cell landscape of lead in immune cells and the 
extreme cell types

Mass cytometry (CyTOF) is a single-cell version of 
inductively coupled plasma mass spectrometry (ICP-
MS), which can simultaneously quantify multiple 
metal isotopes in single-cell manner. Here, we use 
CyTOF to study lead’s distribution among different 
immune cells. Firstly, we extract immune cells from 
blood, spleen and lymph nodes of C57BL/6 mice. 
Then, we labeled the cells with a panel of 33 metal 
isotope-tagged antibodies against immune cell mark-
ers for cell phenotyping (Table S1). Finally, we quan-
tified single-cell levels of the 33 metal isotopes and 
208Pb (most abundant lead isotope) using CyTOF.

Single cell lead levels of total immune cells were 
visualized using T-distributed Stochastic Neigh-
bor Embedding (t-SNE) algorithm, major immune 
cell types were identified by manual gating accord-
ing to their expression level of phenotypic markers 

(Fig. S1), and 208Pb signal intensities in each single 
cell were presented by colors (Fig.  1A). It shows a 
highly heterogeneous lead distribution among differ-
ent immune cells. Among all immune cells, neutro-
phils (Fig.  1A, arrow head) and a subset of splenic 
dendritic cells (DC) (Fig. 1A, star) possess the high-
est levels of lead. RBCs harbors 10 times more lead 
than general immune cells (Fig. 1B, arrow). Among 
all immune cells, neutrophils has the highest overall 
level of lead (Fig.  1B, arrow heads), but a portion 
of splenic DCs have the highest level of lead that is 
comparable to lead level in RBCs (Fig. 1B, star).

In general, innate immune cells have higher lead 
level than lymphocytes (Fig.  1C). Specifically, lead 
levels are the highest in splenic DCs and neutrophils, 
and lowest in the lymphocytes. In terms of the ori-
gin of immune cells, blood and splenic immune cells 
have higher lead levels than lymph node immune 
cells, which could be explained by the fact that lymph 
node immune cells are more isolated from blood lead.

Since single-cell lead distribution suggests a highly 
lead-accumulated splenic DC subtype (Fig. 1A, star), 
to further investigate, we further divided splenic DCs 
into 4 subtypes, namely lymphoid resident conven-
tional (lr-cDC), migratory conventional (mi-cDC), 
plasmacytoid (pDC) and CD14 + monocyte derived 
dendritic cell (mo-DC) (Fig. S2). We found that mo-
DC is the high lead-containing DC subset in spleen 
(the stars in Fig. 1D), which constitutes only ~ 8% of 
all splenic DCs, but its lead level is ~ 10 times higher 
than other splenic DC subtypes. Mo-DC is also fea-
tured by a high level of 140 Ce (Fig. 1E). Co-exist-
ence of such an amount of lead and 140 Ce was also 
detected in RBC (Fig.  1F), suggesting that mo-DC 
obtained lead by directly engulf RBCs (Korolnek and 
Hamza 2015).

Single‑cell landscape of thiol metabolism in immune 
cells and the extreme cell types

Biological thiols are critical for lead detoxification in 
cells. Using CyTOF, we quantified the levels of MT 
and proteins of GSH metabolism in single immune 
cells from mice’s blood, spleen and lymph node. 
GSH metabolism proteins detected are glutathione 
reductase (GR), protein S-glutathionylation, gluta-
mate-cysteine ligase regulatory subunit (GCLM) and 
multidrug resistance-associated protein 1 (MRP1). 
Single-cell data are visualized using t-SNE, showing 

http://geneontology.org
https://string-db.org
https://www.ebi.ac.uk/interpro/
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Fig. 1   Single-cell landscape of lead in immune cells and the 
extreme cell types. (A) Single-cell level of lead in immune 
cells from blood, lymph node and spleen visualized using 
t-SNE. High lead cell clusters are marked with stars. (B) Clus-
tered heatmap of average lead levels in different immune cell 
types. (C) Single-cell level of lead in splenic DCs visualized 

using t-SNE: lymphoid resident conventional (lr-cDC), migra-
tory conventional (mi-cDC), plasmacytoid (pDC) and mono-
cyte derived dendritic cell (mo-DC). (D) Heatmap of average 
levels of cerium (140 Ce), lead (208Pb) and markers of thiol 
metabolism in splenic DCs. (E) Histogram of single cell 208Pb 
and 140 Ce level in total immune cells and RBC
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a high heterogeneity of thiol metabolism among 
immune cell types (Fig. 2A). Median expression lev-
els of these proteins in different immune cell types 
were further analyzed using Principal Component 
Analysis (PCA), which showed three clusters of cells 
with distinct features of thiol metabolism (Fig. 2B). In 
general, immune cells can be divided into three cat-
egories: thiol-poor cells, GSH-rich cells, and MT-rich 

cells. Generally, innate immune cells have higher lev-
els of GSH than lymphocytes, especially neutrophils. 
Interestingly, the level of GSH conjugate-transporting 
MRP1 in neutrophils is among the lowest. B cells, 
especially innate B or marginal zone B cells (MZ B), 
express highest levels of MT. T cells, especially CD4 
+ T cells, express lowest levels of both GSH and MT. 
Overall, CD4 + T cells, neutrophils and MZ B cells 

Fig. 2   Single-cell landscape of thiol metabolism in immune 
cells and the extreme cell types. (A) t-SNE visualization for 
single cell levels of metallothionein (MT), glutathione reduc-
tase (GR), protein S-glutathionylation (GSH), glutamate-
cysteine ligase regulatory subunit (GCLM) and multidrug 
resistance-associated protein 1 (MRP1) in blood, spleen and 
lymph node immune cells. Each dot represents a single cell. 
(B) Heatmap showing the median expression level of MT, GR, 
GSH, GCLM and MRP1 in major immune subsets of blood, 

spleen and lymph node. All columns in heatmaps are scaled 
independently to show relative expression of that parameter 
across cell subsets. On the right of each heatmap are PCA 
visualization of immune cell subsets according to their median 
expression levels of MT, GR, GSH, GCLM and MRP1. Neu-
trophils have the most robust glutathione metabolic capacity 
(red, GSH-rich), innate B and marginal zone B (MZ B) cells 
have the highest expression levels of MT (magenta, MT-rich), 
and T cells are poor in both GSH and MT (blue, thiol-poor)
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are respectively the extreme representatives for thiol-
poor, GSH-rich and MT-rich category of immune 
cells. In the next section (Fig. 3), we found that inter-
estingly, thiol-poor CD4 + T cells and GSH-rich neu-
trophils are also the most vulnerable upon lead expo-
sure, while MT-rich B cells are the most resistant to 
lead.

Immune cell types with extreme thiol metabolism are 
most sensitive upon chronic lead exposure

To investigate lead’s impacts on immune cells, 
C57BL/6 mice were treated (i.g.) either without or 

with 60 mg lead nitrate per kg body weight daily for 
4  weeks before sampling (baseline table, Table  S2). 
Lead levels of blood, RBC and serum from lead-
treated mice were quantified using ICP-MS, and the 
values were respectively about 1 μM, 2 μM and 0.1 
μM, indicating a mild lead intoxication (Fig.  S3). 
According to WHO report, there are respectively 
around 815 and 176 million children with blood lead 
level higher than 5 μg/dl and 10 μg/dl (Rees and Rich-
ard 2020). Blood lead level of mice in current study is 
about 1 μM (20 μg/dl), which indicated a mild lead 
intoxication close to the case of hundreds of millions 
of children.

Fig. 3   Immune cell types with extreme thiol metabolism are 
most sensitive upon chronic lead exposure. (A) Experiment 
procedures of single-cell mass cytometry (CyTOF) in cur-
rent study. (B) Blood immune cell counts in control and lead-
treated mice. (C) CD69 and ANXA1 levels in neutrophils from 
control and lead-treated mice without or with PMA/ionomycin 
stimulation. (D) Histogram of CD69 level of PMA/ionomycin 

stimulated CD4 + T cells from control and lead-treated mice. 
(E) CD19 expression level increase in MZ B cells from lead-
treated mice, CD69 expression level increase in PMA/ionomy-
cin stimulated MZ B cells from lead-treated mice. (F) Sum-
mary of lead’s impacts on neutrophils, CD4 + T and MZ B 
cells. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; 
ns, not significant)
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Immune cells were extracted from mice blood, 
spleen and lymph nodes for single-cell study 
(Fig.  3A). Firstly, we performed a total blood cell 
count, which showed that the count of white blood 
cell (WBC), neutrophils, T (especially CD4 + T) cells 
were greatly reduced, while B cell count was rela-
tively increased in lead-treated mice (Fig. 3B).

To investigate lead’s impact on immune functions, 
we stimulated blood, spleen and lymph node immune 
cells from control and lead-treated mice with Cell 
Stimulation Cocktail (PMA/ionomycin) for 4 h before 
CyTOF examination. As indicated by the expression 
level of CD69, lead reduced immune activation of 
neutrophils and T cells, but enhanced the activation 
of MZ B cells (Fig. 3C-E). Annexin A1 (ANXA1) is 
involved in neutrophil and T cell function (Perretti 
and D’Acquisto 2009; Yang et  al. 2013; D’Acquisto 
et  al. 2007), which is mainly expressed in neutro-
phils and other innate immune cells (Fig.  S4), and 
secreted during neutrophil degranulation (D’Acunto 
et al. 2014). We found that, ANXA1 is 2- fold higher 
in neutrophils from lead-treated mice after stimula-
tion, suggesting a suppressed degranulation (Fig. 3C). 
Lead also greatly reduced the activation of T cells, 
especially the CD4 + T cells (Fig.  3D). MZ B cells 
express the highest level of MT among all immune 
cells, which was further increased upon lead expo-
sure (Fig. S5). Lead exposure also increased expres-
sion level of B cell antigen receptor (BCR) enhancer 
CD19 in MZ B cells (Fig.  3E). Interestingly, lead 
exposure not only did not suppress but also promoted 
the immune activation of MZ B cells (Fig.  3E). We 
summarized lead-induced effects in the most sensitive 
cell types, namely neutrophils, CD4 + T cells and MZ 
B cells (Fig. 3F).

Proteome‑wide survey unveils distinctively different 
target proteins in lead‑sensitive CD4 + T cells and 
neutrophils

To investigate the mechanism behind lead-induced 
toxicity in CD4 + T cells and neutrophils, we sur-
veyed lead-induced protein expression changes and 
protein-small molecule interaction (PSMI) pro-
teome-wide using LC–MS based methods. Firstly, 
we identified Pb-induced proteomic changes (PIPC) 
in immune system by performing proteomic analy-
sis on total immune cells, CD4 + T cells and neutro-
phils (Fig.  4A, Data S1). The samples were splenic 

immune cells and naïve CD4 + T cells from control 
and lead-treated mice, and cultured human neutro-
phils (Fig.  S6). Neutrophils were generated by dif-
ferentiating HL-60 cells with 1.25% DMSO (v/v) 
for 6  days (dHL-60), and successful modeling was 
confirmed by increased CD11b expression and trig-
gered NETosis (Fig. S7). We get totally 1306 down-
regulated DEPs from all of the above samples (fold of 
change <  = 0.5 and p-value <  = 0.05). Secondly, we 
identified Pb-binding proteins by performing Cellular 
Thermal Shift Assay (CETSA). CETSA is an assay 
designed to identify PSMI by detecting the thermal 
stability of proteins without/with ligand binding, with 
the expectation that ligand binding increases protein 
thermal stability (Martinez Molina et  al. 2013). For 
CETSA, we incubated HEK293 T cell lysates with 0, 
0.01, 0.1, 1, 10, 100 μM lead nitrate in PBS for 30 
min before heating and centrifuging. The final prod-
uct of CETSA was examined by LC–MS proteomics 
(Data S2). CETSA generates a list of totally 439 Pb-
binding proteins (up-regulated DEPs in comparison 
to control). The number of DEPs peaks at 1  μM of 
lead, which reflects the fact that lead phosphate solu-
bility in water is 0.67 μM and higher concentration 
causes precipitation (Fig. S8).

After obtaining above two datasets, we performed 
both enrichment and Gene Set Enrichment Analy-
sis (GSEA) analysis in perspective of gene ontol-
ogy molecular function (GOMF) and INTERPRO 
database (protein domain database) (Fig.  4B). We 
cross-referenced the outstanding terms between 
PIPC (down-regulated) and CETSA (up-regulated), 
and totally identified 113 GOMF or INTERPRO 
terms outstanding in both experiments. The dou-
ble outstanding terms contain a total 2065 DEPs or 
GSEA leading edge proteins (LEPs), cross refer-
ence of which with the 1306 down-regulated PIPC 
DEPs yields 682 DEPs (Data S3). We generated pro-
tein–protein interaction (PPI) network of the final 
682 double confirmed lead target proteins based on 
String database, cell type specificities of all DEPs 
were annotated with colors (Fig.  4C). Among all 
proteins in PPI network, we identified several clus-
ters of closely related lead target proteins. We found 
that, ribosomes are the main target of lead in naïve 
CD4 + T cells, and PKC-like, PE/DAG-binding 
domain containing proteins and annexins are major 
targets of lead in neutrophils. Acyl-CoA dehydro-
genase, ATP synthase and NADH dehydrogenase in 
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Fig. 4   Proteome-wide survey unveils distinctively different 
target proteins in lead-sensitive CD4 + T cells and neutrophils. 
(A) Experimental procedures for detection of Pb-induced pro-
teomic changes (PIPC) in CD4 + T cells and neutrophils, and 
Pb-binding proteins in HEK293 T cell lysate using Cellular 
Thermal Shift Assay (CETSA). (B) Procedure of data analy-
sis of PIPC and CETSA experiment. There are 113 GOMF 
and INTERPRO terms outstanding in both CETSA (increased 
thermostability) and PIPC (decreased expression), in either 

enrichment or GSEA analysis. There are 682 out of 1306 lead-
decreased DEPs that belong to CETSA and PIPC double out-
standing terms. (C) Protein–protein interaction (PPI) network 
of the 682 DEPs selected in (B). PPI information is based on 
String database, only interactions with highest confidence 
(interaction score > 0.9) were selected, proteins not connected 
to other protein are not shown. Cell type specificity of all DEPs 
is annotated with colors
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mitochondrion are lead targets in both naïve CD4 + T 
cells and neutrophils.

Lead‑induced CD4 + T cell count and ribosome loss 
can be rescued by thiol drug

To unveil the underlying mechanism of lead-induced 
toxicity in CD4 + T cells, we further scrutinized lead-
induced proteomic changes in naïve CD4 + T cells. 
GSEA analysis against KEGG database indicates that 
lead greatly increased the expression of proteins for 
RNA degradation and proteasome, indicating a severe 
damage to both RNA and protein (Fig. 5A). Enrich-
ment and GSEA analysis in terms of gene ontology 
cellular component (GOCC) both showed that lead 
selectively affected ribosomes and mitochondria 
(Fig. 5B, C).

Thiols are important for lead detoxification, 
and CD4 + T cells have low thiol levels. Since lead 
induces ribosome loss mainly in naïve CD4 + T cells 
(Fig.  5C), to find out whether lack of thiol enabled 
lead’s damage to ribosome, we performed two experi-
ments respectively with GSH depletion and thiol drug 
supplement.

Firstly, we depleted GSH in HEK293 T cells 
using L-Buthionine-sulfoximine (L-BSO, inhibi-
tor of glutamate-cysteine ligase (GCL), key enzyme 
of GSH de novo biosynthesis). Control and GSH-
depleted HEK293 T cells were treated with different 
concentrations of lead for 1  h, then total RNA was 
extracted for gel electrophoresis (Fig. 5D). Ribosome 
RNA (rRNA) forms 4 prominent bands sequentially 
representing 28S, 18S, 5.8S and 5S rRNA, we found 
that the band of 18S rRNA was significantly reduced 

and disappeared as lead concentration increased. In 
GSH-depleted HEK293 T, lead dosage required to 
diminish 18S rRNA band is lower than that in control 
cells. 18S rRNA is a component of small ribosomal 
subunit, which directly binds mRNA. Since exposed 
mRNAs are highly vulnerable to lead, it could have 
collaterally affected ribosomes (Palou-Mir et  al. 
2017).

Secondly, we performed an in vivo rescue experi-
ment with thiol drug (Fig.  5E). Bucillamine is an 
anti-rheumatic drug that possesses two thiol groups 
per molecule. C57BL/6 mice were treated (i.g.) either 
without or with 60 mg lead nitrate and 450 mg Bucil-
lamine per Kg body weight daily for 4 weeks, blood 
cell count was performed, and total immune cells 
and naïve CD4 + T cells were purified from spleen 
of each mouse for proteomic examination. Indeed, 
bucillamine prevents cell count loss in CD4 + T cells 
(Fig. 5F), and proteomic data showed that bucillamine 
rescued lead-induced damage to ribosome (Fig.  5G, 
H). It indicates that external thiol supplement can 
effectively rescue lead-induced cell count and ribo-
some loss in naïve CD4 + T cells. In contrast to naïve 
CD4 + T cells, bucillamine didn’t rescue splenic neu-
trophils or red pulp macrophages in lead treated mice 
(Fig.  S9), which could be explained by their direct 
engulfment of highly lead-containing RBCs (Korol-
nek and Hamza 2015). Overall, we demonstrate thiol 
is critical in preventing lead-induced damage to RNA 
and ribosome, which suggests an in  vivo lead inter-
acting priority of thiols over RNA.

Robust GSH metabolism selectively damages 
vesicular metalloproteins in neutrophils upon lead 
exposure

Among all immune cells, neutrophil has the strong-
est GSH metabolism (Fig. 2). GSH is known to medi-
ate a detoxification pathway of metals: metal ions 
enter cells by passive diffusion, which were then 
first sequestered by GSH and then transported by 
MRPs into vesicles or out of the cell (Leslie 2012; 
Mielniczki-Pereira et  al. 2008). This process can be 
quantified using a math model named sequestration-
aided passive transport (SAPT) (Fig. 6A) (Hong et al. 
2015). To investigate lead metabolism in neutrophils, 
we treated dHL-60 cells with 5 μM lead nitrate for up 
to 48 h, cell samples were collected at different time-
points for the quantification of lead levels by ICP-MS 

Fig. 5   Lead-induced CD4 + T cell count and ribosome loss 
can be rescued by thiol drug. (A) GSEA (KEGG) analysis of 
proteins from naïve CD4 + T cells purified from control and 
lead-treated mice. It shows that lead specifically induces pro-
teins of RNA degradation and proteasome. (B) Enrichment 
analysis of DEPs in lead-treated splenic naïve CD4 + T cells. 
Each bubble represents a term, bubble size and color are num-
ber of proteins and enrichment p-values. (C) Volcano plot of 
GSEA analysis (left). Details of cytosolic ribosomal small 
subunit (right). (D) Gel electrophoresis of total RNA from 
control and GSH-depleted HEK293 T cells, treated with lead 
nitrate for 1  h. Bands of 18S rRNA (red triangles). (E) Pro-
cedures of bucillamine rescue experiment against lead toxicity. 
(F) T, CD4 + T and CD8 + T cell counts in rescue experiment 
(*P < 0.05; **P < 0.01; ns, not significant). (G) Top ssGSEA 
terms from proteomic data of rescue experiment. (H) Heatmap 
of ribosomal proteins expression in rescue experiment

◂
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Fig. 6   GSH metabolism selectively damages vesicular metal-
loproteins in neutrophils upon lead exposure. (A) Schematic 
diagram showing GSH/MRP-mediated sequestration-aided 
passive transport (SAPT) model, which describes an intracellu-
lar disposal mechanism of metal ions by GSH and MRPs. (B) 
Time-dependent lead absorption curve in dHL-60 treated with 
5 μM lead nitrate for up to 48 h, fitted with SAPT (R2 = 0.99). 
(C) Total GSH levels in dHL-60 treated with 5 μM lead nitrate 
for 0, 12, 24 and 48 h (***P < 0.001). (D) GO enrichment 
analysis of DEPs in dHL-60 cells. dHL-60 cells were cultured 
without or with 1 μM of lead nitrate for 24 h, totally 4295 pro-
teins were identified, 90 of which were DEPs. (E) The vesicle 
DEPs in dHL-60 upon lead treatment, shown as volcano plots. 
Metalloproteins are blue labeled. (F) The Venn plots of vesicle 

and metal-binding proteins and DEPs in dHL-60 cells. Upon 
lead treatment, the p-values of vesicular non-metal and metal-
binding proteins were calculated to be 0.91 and 0.012, respec-
tively. (G) Schematic of rescue experiment of lead toxicity to 
vesicle using MK571 in dHL-60 cells. (H) GSEA analysis of 
dHL-60 cell proteins from rescue experiment in perspective of 
cross sets between GOCC vesicle lumen/membrane proteins 
and proteins with different metal ligands. GSEA analysis were 
performed between Pb and control group, MK571 + Pb and 
MK571 group, and MK571 + Pb and Pb group. The leading-
edge proteins between MK571 + Pb and Pb group of cross sets 
of vesicle lumen and iron, calcium or zinc-binding proteins 
were shown on the right
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and GSH levels. Indeed, the time-dependent absorp-
tion curves of lead by dHL-60 can be well-fitted by 
SAPT model (Fig. 6B, R2 = 0.99). Saturation of lead 
in dHL-60 in the first 24 h is characteristic for passive 
diffusion. The overall permeability P equals 0.087 
h−1. Furthermore, GSH was induced 24 h after lead 
exposure, indicating an activation of GSH biosynthe-
sis (Fig. 6C). The amount of lead in dHL-60 increases 
exponentially after the activation of GSH biosyn-
thesis, suggesting an enhanced GSH/MRP mediated 
sequestration of lead into vesicles (Hong et al. 2015).

To investigate lead’s impact on neutrophil pro-
teome, dHL-60 cells were treated without or with 
5 μM lead nitrate for 48 h, then collected for LC–MS 
based examinations. Enrichment analysis in perspec-
tive of cellular components (GOCC) indicates that 
lead specifically affects vesicles in dHL-60 cells 
(Fig. 6D). The expression level of many vesicular pro-
teins, especially the metal-binding proteins, is greatly 
reduced (Fig.  6E). Further enrichment analysis of 
cross set of vesicle and metal-binding proteins reveals 
that, lead selectively affects vesicular metal-binding 
proteins (p-value = 0.012) instead of vesicular non-
metal-binding proteins (p-value = 0.91) (Fig. 6F).

In SAPT model, lead-GSH conjugates are continu-
ously transported into vesicles by MRPs. To validate 
whether SAPT is behind lead’s selective damage of 
vesicular metalloproteins, we performed LC–MS 
based proteomic examinations on dHL-60 treated 
without or with lead and MK571 (MK571 is an MRP 
inhibitor) (Fig.  6G). Indeed, by GSEA analysis on 
different metal-binding proteins, we found that lead-
induced down-regulation of vesicular metalloproteins 
can be mitigated by MK571 (Fig. 6H), especially the 
iron, calcium and zinc-binding proteins. It suggests 
that the impact of lead on vesicular metalloprotein is 
mediated by GSH/MRP-mediated SAPT.

PKC‑like, PE/DAG‑binding proteins are potential 
targets of immune activation retardation in 
neutrophils upon lead exposure

Robust GSH metabolism facilitates lead sequestra-
tion and lead accumulation in neutrophils. Unfor-
tunately, MRP1 expression in neutrophils is low, 
which suggests not a timely removal of GSH-lead 
conjugates (Fig. 2B). GSH-heavy metal conjugate is 
kinetically labile, without timely removal, metal can 

be transferred to proteins with higher binding affinity 
(Banci et al. 2010) (Fig. 7A).

In previous proteomic survey, we identified PKC-
like, PE/DAG-binding proteins as main target of lead 
in neutrophils (Fig. 4C). PKC-like, PE/DAG-binding 
domain contains two HCCC cysteine-rich zinc-bind-
ing sites, suggesting a high binding affinity to lead 
(Fig.  7B). Indeed, according to our proteomic data, 
the expression level of PKC-like, PE/DAG-binding 
domain containing proteins was significantly reduced 
in a one-sided manner (Fig. 7C). Furthermore, GSEA 
analysis of CETSA data indicated that thermostabil-
ity of PKC-like, PE/DAG-binding proteins is signifi-
cantly increased upon lead exposure, which suggests 
a direct interaction with lead (Fig. 7D).

To identify target proteins responsible for lead’s 
impact on neutrophil biology, we implemented such a 
process of analysis: 1. Take protein lists of all KEGG 
pathways; 2. Generate the PPI network using the 
STRING database for the protein lists of each path-
way; 3. Calculate the PPI network centrality of lead 
target proteins in each KEGG pathway; 4. Pathways 
and lead target proteins were clustered based on the 
centrality of lead target proteins in PPI network of 
each pathway (Data S3, Fig. 7E).

Summing up network centralities across all path-
ways for each target protein yielded the 3 most bio-
logically influential proteins: PRKCA, PRKCB and 
RAF1. We have found that lead retarded immune 
activation in both neutrophils and T cells (Fig.  3C, 
D). Interestingly, the 3 most biologically influential 
proteins are all involved with biological pathways 
critical for immune activation: T cell receptor (TCR) 
signaling, neutrophil extracellular trap (NET) forma-
tion, MAPK signaling and phosphatidylinositol sign-
aling pathway. And surprisingly, PRKCA, PRKCB 
and RAF1 all contain a PKC-like, PE/DAG-binding 
domain.

Since RAF1/PKCs are critical for immune activa-
tion through downstream MAPK and phosphatidylin-
ositol signaling (Fig.  7F), for validation we treated 
dHL-60 without or with lead and MK571 (Fig. 6G). 
Indeed, lead greatly reduced MAPK and phosphati-
dylinositol signaling in neutrophils, and MK571 
enhanced lead-induced suppression of phosphati-
dylinositol signaling (Fig. 7G, H). Overall, it suggests 
that in neutrophils not a timely removal of GSH-lead 
conjugates could further affect RAF1/PKCs, and 
PKC-like, PE/DAG-binding proteins are potential 
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targets of immune activation retardation in neutro-
phils upon lead exposure.

Discussion

Lead has been widely used for thousands of years, 
despite the 1996 ban on leaded gasoline, environmen-
tal lead residues and other pollution sources remain. 
Currently, human blood lead levels vary between 
10–100 ppb by country/region, and around one third 
of children globally have blood lead levels above the 
alert line (Cisse 2023). Considering the high preva-
lence of chronic lead exposure, it has been increas-
ingly recognized that there is no safe threshold for 
lead exposure, and health hazards of lead could have 
been greatly underestimated. Immune cells are con-
stantly exposed to blood and are highly sensitive to 
lead (Fenga et  al. 2017; Lorenzo et  al. 2006; Zhang 
et  al. 2016; Gao et  al. 2007; Engstrom et  al. 2015; 
Bussolaro et al. 2008). Unfortunately, due to immune 
cell type heterogeneity, even though diverse symp-
toms of lead-induced immunotoxicity have been 
reported, the underlying mechanism remains largely 
unknown.

In this study, for the first time, we used mass 
cytometry to draw single-cell landscapes of thiol 
metabolism, lead accumulation and lead’s impacts in 
the heterogeneous immune cells upon chronic lead 
exposure (Fig. 1–3). It shows that neutrophils, naïve 

CD4 + T cells and splenic RBC phagocytes are the 
most susceptible upon chronic lead exposure. Using 
mass spectrometry, protein-small molecule interac-
tion and statistical inference, we further identified 
lead target proteins and their corresponding signal-
ing pathways in lead-sensitive immune cells, which 
unveils diversified molecular mechanisms of toxicity 
upon chronic lead exposure (Fig.  4–7). Overall, we 
established a lead-immune system interactome across 
cellular and molecular levels (Fig. 8), which provides 
unprecedentedly rich panoramic information for pro-
active prevention, therapy formulation and public 
health evaluation.

In this interactome, we found that “thiols” of dif-
ferent form played key roles in the diversified immu-
notoxicity induced by chronic lead exposure, these 
thiols could be biological thiols (e.g. GSH) or met-
alloproteins with metal-binding centers contain-
ing multiple cysteine residues (e.g. MT, ALAD, 
PKCs and RAF1), each plays different roles in lead-
induced immunotoxicities. Lead selectively reduced 
cell count and immune activation of CD4 + T cells 
and neutrophils, which respectively have the lowest 
thiol and highest GSH metabolism. High vulnerabil-
ity of CD4 + T cells and neutrophils to lead concur 
their occurrence frequency in clinical reports (Fenga 
et al. 2017; Lorenzo et al. 2006). In contrast, B cells 
express high levels of MT and showed higher resist-
ance upon chronic lead exposure. Meanwhile, about 
90% of blood lead locate within RBCs binding to the 
cysteine-rich zinc-binding site of ALAD (Mani et al. 
2018). RBC-engulfing immune cells are thus vulner-
able to chronic lead exposure, which cannot be miti-
gated by thiol chelators (Fig. 1D-F, Fig. S9). Below 
we elaborate the cases in different immune cell types.

Firstly, naïve CD4 + T cells are so poor in thiols 
that they need cysteine supply from DCs before acti-
vation (in form of GSH) (Yan et al. 2009; Akkari and 
Joyce 2016). Without thiol protection, RNA hydro-
lytic lead severely affects RNA and ribosome (Fig. 5) 
(Dybkov et  al. 2006). Supplementation with thiol 
drugs greatly mitigated lead toxicity to CD4 + T cells 
(Fig. 5).

Secondly, neutrophil has the highest GSH metabo-
lism among all immune cells (Fig. 2). Our evidence 
suggests that lead metabolism in neutrophils follows 
a GSH/MRP-mediated SAPT model (Fig.  6A-C). 
Unfortunately, neutrophil MRP1 expression is among 
the lowest (Fig.  2B), together with robust GSH 

Fig. 7   PKC-like, PE/DAG-binding proteins are potential tar-
gets of immune activation retardation in neutrophils upon lead 
exposure. (A) Schematic diagram showing GSH/MRP-medi-
ated sequestration-aided passive transport (SAPT) model and 
affinity gradient driven ion transfer. (B) Protein structure of the 
PKC-like, PE/DAG-binding domain from RAF1 (6XBH) and 
PKCD (2YUU). (C) Volcano plot of lead-treatment DEPs of 
INTERPRO term: PKC-like, PE/DAG-binding domain. (D) 
GSEA results of INTERPRO term: PKC-like, PE/DAG-bind-
ing domain showing a significantly increased thermostability 
upon lead in CETSA experiment. (E) DEPs degree centrality 
in KEGG pathways based on String database (upper, heat-
map). Protein degree and eigenvector centrality across all 
KEGG pathways (right). (F) A subgraph of KEGG pathway 
(Map04660) of DAG activation in immune cells showing the 
critical position of RAF1, PKC and their downstream MAPK 
and phosphatidylinositol signaling. (G) GSEA analysis show-
ing significantly reduced MAPK signaling in lead treated dHL-
60 cells. (H) GSEA analysis showing significantly reduced 
phosphatidylinositol signaling in lead treated dHL-60 cells, 
and MK571 further enhanced lead-induced suppression on 
phosphatidylinositol signaling

◂
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metabolism, making neutrophils natural accumula-
tors of lead (Hong et al. 2015; Lim et al. 2020; Jiang 
et  al. 2022). Without timely efflux, Pb2+ conjugated 
to GSH can be passed on to proteins with higher 
binding affinity (Banci et  al. 2010). Our evidence 
suggests, among these proteins, PKC-like, PE/DAG-
binding domain containing protein RAF1 and PKCs 
are behind lead’s suppression of immune activation 
(Fig. 3C-D, Fig. 7).

PKC has been implicated as a target for Pb2+ 
(Kasten-Jolly and Lawrence 2018). PKC isoforms 

can be further divided into Ca2+-dependent typical 
PKC (α, β, γ), Ca2+-independent novel PKC (ε, δ, η, 
θ) and atypical PKC (μ, ζ, λ). It was found that pico-
molar (pM) concentrations of Pb2+ activate PKC-α 
but not PKC-ε and PKC-ζ but micromolar (μM) 
concentrations of Pb2+ inhibit all PKCs (Sun et  al. 
1999). Lead also reduced expression and enzyme 
activity of all PKC isoforms in neuronal cells (Xu 
et  al. 2006). These results cannot be explained by 
Pb2+ effect on PKC Ca2+-binding site, since some 
PKC don’t have functional Ca2+ binding site. In 

Fig. 8   Multiscale panoramic landscape of lead targets in immune system
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this study, we found Pb2+ significantly reduced the 
expression of 14 proteins that contain cysteine-rich 
zinc-binding PKC-like, PE/DAG-binding domain, 
which includes not only PKCs but also 10 other 
proteins without Ca2+-binding site, e.g. RAF1, 
ROCK1, DGKE and AKAP13 (Fig.  7C). It sug-
gests that Pb2+ suppresses PKCs by attacking their 
Zn2+-binding site instead of Ca2+-binding site, fur-
ther investigation by structural biologists could shed 
light on this matter.

Thirdly, B cells, especially MZ B cells express 
high level of MT (Fig. S5). MT’s binding affinity to 
heavy metal is among the top, which might explain 
B cell’s resistance in chronic mild lead exposure 
(Banci et al. 2010). Lead didn’t suppress but instead 
promoted immune activation in MZ B cells, which 
could be explained by lead induction of MT and 
CD19 (Rice et  al. 2016; Sugiura and Yamashita 
2000; Ishiura et  al. 2010) or activation of PKC by 
low intracellular concentration of lead under MT 
sequestration (Long et al. 1994) (Fig. 3E).

Finally, the majority of blood lead is bound to 
ALAD in RBCs on the cysteine-rich zinc-binding 
site (Mani et  al. 2018). Senescent/broken RBCs 
are recycled by mo-DC and macrophage in spleen 
(Korolnek and Hamza 2015; Klei et al. 2017). Mo-
DC has the highest lead level among all immune 
cells, our evidence suggests that it is the result of 
RBC engulfment (Fig.  1E, F). It was also worth 
noting that bucillamine could not reduce lead tox-
icity in red pulp macrophages, suggesting that thiol 
therapy is not effective for RBC recycling cells 
(Fig. S6).

Overall, it suggests that lead impairs CD4 + T 
cells, neutrophils and RBC-phagocytosing immune 
cells, which in the long run could increase the risk 
of cancer and infection. In contrast, B cell-based 
immunity is less affected. Our evidence at cellu-
lar and molecular level together suggest that in vivo 
interaction priority of biomolecules to lead is roughly 
this: RNA < GSH < lead target metal-binding pro-
teins < MT, and the embodiment of this priority is 
behind all immunotoxicities induced by chronic lead 
exposure.
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