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Polyethylene microplastics impede the innate
immune response by disrupting the extracellular
matrix and signaling transduction

Haipeng Huang,2,3 Jiaqi Hou,1,6,* Yilie Liao,2 Fangchao Wei,2,4 and Baoshan Xing5,*

SUMMARY

Microplastics (MPs) can accumulate in animal organs. Numerous studies have linked
MPs with immune system. However, the impact of MPs on immune response re-
mains unclear. This study examined the innate immune response of mice exposed
to 5 mmMPs. In the lipopolysaccharide challenge, mice treated with MPs exhibited
lower levels of serum immune factors and activated immune cells. MPs disrupted
immune-related receptors and cause dysfunction in cell signal transduction within
the liver and spleen. Proteomic analysis revealed that MPs impede the activation
of serum immune-related signals. In addition, the tissue section imaging exhibited
a significant enrichment of MPs in the extracellular matrix (ECM), consistent with
the ECM dysfunction and immune receptor suppression. Therefore, our data sug-
gest excessive MPs accumulation in ECM inhibits cell signaling pathways, thereby
suppressing the activation of immune responses. We propose the biotoxicity of
MPs is partly through the MP disruption of ECM (MPDEM).

INTRODUCTION

Plastic pollution has emerged as a critical issue with the exponential growth of plastic usage. Currently,

there is significant attention being paid to microplastics (MPs), a novel class of environmental pollutants

that are chemically stable and can persist in the environment for extended periods.1,2 Moreover, MPs

have the potential to accumulate in organisms,3–5 posing a threat to both the biosphere and human

health.6,7

Environmental MPs are inadvertently ingested and accumulate in microorganisms, such as algae and other

low-trophic level animals, due to their ubiquitous distribution and diminutive size.8–10 After deposition in

biological tissues, MPs are transferred up the food chain.11,12 Significant amounts of MPs (mostly <3 mm)

have been discovered in the hemolymph of crustaceans in the ocean.13,14 Additionally, MPs are consis-

tently detected within the digestive tracts of fish.15 Moreover, substantial quantities of MPs have been

found in birds’ digestive systems and seabirds can even serve as sensitive indicators for MP pollution

levels.16,17 MPs can be detected in human drinking water and food, particularly seafood.18–21 Moreover,

there is evidence of MP accumulation in various human tissues,22 including placentas.23 Therefore, humans

and other living organisms face an elevated risk of exposure to and accumulation of MPs.

Numerous studies have demonstrated that exposure to MPs poses a serious threat to the health of organ-

isms.24 Following exposure of mice or zebrafish to MPs, these particles deposit in multiple tissues. The up-

take of micron-scale MPs occurs primarily through gut-associated lymphatic tissue,25–27 as opposed to

nanoscale plastics which are taken up by villus cells via pinocytosis in the gut. These MPs can accumulate

in the gut, leading to dysfunction of the gut barrier, dysbiosis of microbiota, and metabolic disorders.28,29

Additionally, a portion of MPs can be transferred and accumulated in various other tissues. The use of flu-

orescently labeled MPs aids in tracing their location.30 The presence of MPs in the liver resulted in the

disruption of bile acid metabolism and induction of oxidative stress.29–31 Transcriptome sequencing and

functional analysis revealed that MPs affect various biological processes, including metabolic dysfunction

and immune system alterations.32–36

The immune system is a complex network of defense responses in advanced vertebrates, including hu-

mans, that aids in the repulsion of disease-causing pathogens. Innate immunity, which consists of
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nonspecific protective mechanisms, effectively thwarts microorganisms from entering and proliferating

within the tissues. The spleen serves as a crucial innate immune organ, while the liver plays a dual role in

both metabolism and frontline immunity.37,38 Upon infection, immediate activation of the liver and spleen

occurs. In order to prevent an unbridled exponential growth of viruses and bacteria,37,38 it is imperative for

the host to swiftly eradicate antigens during the initial phase of infection. The promptness of the immune

response holds paramount importance during this period. An effective immune response commences with

the recognition and capture of antigens, followed by the release of immune cytokines to facilitate immune

cell proliferation and differentiation, thereby eliminating pathogens.39,40 A well-coordinated and efficient

immune response aids in eradicating the pathogen during the early stages of infection. The extracellular

matrix (ECM) is a complex network composed of various multi-domain macromolecules arranged accord-

ing to the specific cell or tissue type in which they are located.41 Cell-ECM interactions occur at specialized,

multi-protein adhesion complexes that physically link the ECM to both the cytoskeleton and intracellular

signaling pathways.42,43 The ability of animal cells to perceive and adhere to the ECM plays a crucial

role in controlling cell shape, mechanical responsiveness, motility, as well as development and immune

response.41 Thus, a coordinated and orderly immune response also relies on the ECM for signaling

transduction.

Through transcriptome sequencing, a study has demonstrated that MP can modulate immune-related

signaling pathways in the liver of mice.33 Moreover, ingestion of MP by zebrafish resulted in the suppres-

sion of multiple immune pathways in the gut and damage to immune cells.32 However, the defense process

of the immune system requires intricate regulation. The impact of MPs on immune response remains un-

clear. Specifically, it is unknown how MPs modulate the innate immune response and whether they affect

its speed and strength. These issues remain ambiguous. The objective of this study is to investigate the role

of polyethylene MP in the innate immune response through a multi-omics approach, utilizing the classical

lipopolysaccharide (LPS) immune challenge infection model and detecting various markers of the immune

response at multiple levels for a comprehensive understanding. We conducted whole-transcriptome

sequencing and proteomics measurements to investigate the immune response. Additionally, we utilized

frozen section imaging technology to accurately detect the fluorescent signal of MPs, revealing specific dis-

tribution patterns in organs. By combining these omics analysis results, we proposed a potential mecha-

nism for how MPs modulate biological processes.

RESULTS

MPs inhibit the immune response induced by LPS

Experimental mice were subjected to a 6-week regimen of MPs treatment (Figure 1A). FITC-labeled poly-

ethylene MPs spheres were utilized for mice MPs exposure, and fluorescent signals were also detected in-

side the spheres (Figure 1B). Initially, we assessed the accumulation of MPs in mice. As depicted in Fig-

ure 1C, clear fluorescence signals were observed in mice following exposure to MPs. The signal was

distributed throughout the epidermis of the mouse and was particularly concentrated in the urinary

bladder. Fluorescent imaging of the liver revealed a significant accumulation of MPs in mice liver compared

to the control group (Figure 1D). However, no significant differences were observed in liver weight or tri-

glyceride content during this trial (Figures S1A and S1B).

The LPS challenge is a classic model for studying the innate immune response.44 In this study, we induced

an immune response by injecting LPS. Both groups showed a significant increase in tumor necrosis factor-

alpha (TNF-a) and interleukin-6 (IL-6) levels in serum after LPS injection (Figures 1E and 1F). However, mice

treated with MPs exhibited significantly lower levels of TNF-a and IL-6 following the LPS challenge. We also

quantified the blood monocyte population, which is known to increase in response to innate immunity.45

The lymphocyte count was reduced following the LPS challenge (Figures 1G and 1H), while the blood

monocyte count increased in both groups (Figure 1I). However, the increase in monocytes was significantly

suppressed compared to the control group. These results were consistent with cytokine changes observed

(Figures 1E and 1F), indicating that mice treated with MPs experienced an inadequate physiological

response.

MP modulates multiple signaling pathways in liver

To investigate the impact of MPs on immune response, we conducted whole-transcriptome sequencing in

the liver, as it undergoes significant and crucial transcriptional mobilization during an immune response.46

Specifically, we compared transcriptome data under three conditions: MPs-induced alterations in
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transcriptome, LPS-induced alterations in transcriptome, and the effect of MPs on LPS-induced alterations

in transcriptome (Figure 2A).

Firstly, we assess the impact of MPs accumulation on liver function. Control and MPs-treated mice exhibited

>93.8% successfully detected reads (Figures S2A and S2B), indicating a comparable transcriptome profile.

We identified differentially expressed genes (DEGs); 210 genes were downregulated while 361 genes were up-

regulated by MPs exposure (Figure S2C). Among the top 20% DEGs ranked by fold changes, 78% were

Figure 1. MPs inhibit the immune response induced by LPS

(A) Schematic representation of the MP treatment and subsequent immune challenge with LPS.

(B) Fluorescence images of fluorescently labeled MPs (�5 mm). Scale bars, 10 mm.

(C) Fluorescence images of MPs distribution in vivo, mice received MPs (10 mg/mL) for 6 weeks. The rainbow bar

represents the relative fluorescence intensity of MPs, the intensity was calculated by normalizing to blank space.

(D) Fluorescence images of the liver.

(E and F) TNF-a and IL-6 levels in serum, before and post LPS challenge.

(G–I) Measurements of cell population in blood by using IDEXX ProCyte Dx (n = 5), before and post LPS challenge and the

population of monocyte was highlighted by the box (G), lymphocyte count (H), monocyte count (I). Data are presented as

mean G SEM. *p < 0.05, **p < 0.01. See also Figure S1.
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observed to be downregulated by MPs, indicating a global inhibitory effect of MPs on the liver transcriptome.

Subsequently, functional annotation analysis of the downregulated DEGs revealed that signal transduction, im-

mune system, and infectious disease were among the most significant terms. They were all closely associated

with the regulation of the immune system. More specifically, the top 4 pathways enriched in the KEGG analysis

Figure 2. MP modulates multiple signaling pathways in liver

(A) Schematic representation of comparative analysis of hepatic transcriptome data.

(B) The top 20% differentially expressed genes (DEGs) ranked by fold changes, the upregulated DEGs by MPs (yellow bar)

and the downregulated DEGs by MPs (red bar).

(C) The functional annotation analysis of downregulated DEGs by MPs, utilizing the KEGG metabolic pathway. Enriched

terms of higher significance are marked by dashed boxes and arrows.

(D) KEGG analysis was performed on DEGs downregulated by MPs and the top 20 enriched pathways were shown here.

Highly enriched signal transduction-related terms are marked with arrows.

(E) Gene Ontology analysis was performed on DEGs downregulated by MPs and the top 10 enriched pathways were

shown here. The signal transduction-related terms that are highly enriched are indicated by arrows, while the structurally

relevant terms that are highly enriched are marked with pentagrams.

(F) Transcript levels of representative genes in the top 3 pathways of KEGG analysis, the results normalized to 18S

ribosome RNA (n = 4). Data are presented as mean G SEM. *p < 0.05, **p < 0.01. See also Figures S2 and S3.
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of the downregulated DEGs were the Rap1,47 the C-type lectin receptor,48 the cytokine-cytokine receptor inter-

action,49 and the cell adhesion molecules50 (Figures 2D and S2D). Notably, three pathways were identified as

being involved in membrane receptor-activated signal transduction, while one pathway was found to be asso-

ciated with cellular junctions—all of which are closely linked to the role of ECM. Furthermore, Gene Ontology

(GO) enrichment analysis revealed that three out of the top ten biological processes downregulated in DEGs

were related to signal transduction, including cell communication, regulation of signaling, and particularly

cell surface receptor signaling (Figure 2E). Additionally, the pathways exhibiting the highest levels ofGOenrich-

ment were those involved in regulating developmental processes and anatomical structure morphogenesis.

Three of the top ten pathways were related to structural regulation, indicating thatMPs had a significant impact

on tissue architecture. The ECM plays a pivotal role in maintaining tissue structure and regulating cellular

signaling pathways. The functions of enriched KEGG pathways were found to be consistent with those of the

enriched GO biological processes, indicating a primary role of MP in tissue. Furthermore, RT-qPCR validation

revealed that the majority of genes in the top three representative enriched KEGG pathways were strongly in-

hibited byMPs accumulation (Figure 2F); the qPCR findings are in agreement with the sequencing outcomes of

these genes (Figure S3).

MPs inhibit the activation of immune signaling pathways during an immune response

The administration of LPS is a well-established method for inducing an immune response.44 In this study, we

examined the changes in liver transcriptome following the LPS challenge. Our results demonstrate that hepatic

transcriptome undergoes significant remodeling upon stimulation with LPS. The principal component analysis

revealed a clear separation between the LPS-treated groups and the control group (Figure S4). PC2 was initially

the primary factor distinguishing between control andMPs-treated groups, but this distinction disappeared af-

ter LPS injection (Figure S4). PC1 was the dominant factor separating pre-LPS from post-LPS groups. Even with

MP treatment, mice clustered similarly to non-MP-treated mice following LPS injection.

Moreover, the upregulation of Tnfrsf25, Tnfsf13, and Cd4 induced by LPS (as shown in Figure 3A) was sup-

pressed by MPs treatment (as demonstrated in Figure 2C). Notably, even under non-infection conditions,

MPs were found to modulate the cytokine-cytokine receptor pathway (as depicted in Figure 2D). Among

the enriched pathways associated with LPS-induced DEGs, a majority of them were immune related (Fig-

ure 3B). Furthermore, most of the top activated pathways involved cell membrane receptors such as the

TNF signaling pathway, cytokine-cytokine receptor pathway, and Toll-like receptor51 signaling pathway.

We conducted liquid chromatography-tandem mass spectrometry analysis of serum samples collected

before and after the LPS challenge. As anticipated, numerous immune-related processes were significantly

activated (Figure 3C), which is consistent with the activation of immune signaling in the liver. These findings

suggest a successful induction of systemic immune response.

We then conducted a comprehensive analysis to comprehend the impact of MPs on the LPS-induced immune

response process (Figure 2A). We hypothesized that MPs could suppress the immune response by affecting

membrane receptor function. In control mice, LPS upregulated 984 genes, while exposure to MPs resulted in

an upregulation of 1033 genes (Figure 3D). Afterward, we conducted a comparison of the transcriptome

following the LPS challenge. Notably, MPs exhibited an enrichment of suppressed DEGs in C-type lectin recep-

tor signaling, cytokine-cytokine receptor interaction, and Rap1 signaling pathways under both normal and im-

mune challenge conditions (Figure 3E). Conversely, our findings indicated that several major immune pathways

were inhibited by MPs post-LPS challenge, including the transient receptor potential channels and Toll-like

Figure 3. MPs inhibit activation of immune signaling pathways during an immune response

(A) A heatmap depicting the expression of genes in representative KEGG pathways in response to LPS, as revealed by sequencing results.

(B) KEGG analysis was performed on DEGs upregulated by LPS of control mice and the top 20 enriched pathways were shown here. Highly enriched receptor

mediated immune pathways are marked with arrows.

(C) GO analysis was performed on DEPs upregulated by LPS in serum of control mice and the top 8 enriched pathways were shown here.

(D) Differential expression of hepatic transcriptome pre- and post-LPS challenge.

(E) KEGG analysis was performed on DEGs downregulated by MPs post-LPS challenge, and the top 20 enriched pathways were shown here. Highly enriched

receptor mediated immune pathways are marked with arrows.

(F) Gene Ontology analysis was performed on DEGs downregulated by MPs.

(G) A graphical representation of the intergroup comparison strategy for DEGs induced by LPS.

(H) Multi-clusters enrichment of 3 groups: LPS upregulated DEGs in control (cluster 1) (left), LPS upregulated DEGs in MPs group (cluster 2) (middle); MP-

inhibited LPS-induced DEG (cluster 3: cluster 1 compared with cluster 2, the downregulated DEGs in cluster 2) (right). The immune-related pathways that are

inhibited by MP are demarcated by yellow wireframes. See also Figures S4 and S5.
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Figure 4. Detection of immune activation in serum under immune challenge

(A) Schematic illustration of LC-MS/MS analysis design for serum proteomics.

(B) GO analysis was performed on DEPs downregulated by MPs post-LPS challenge, and the top 11 enriched pathways

were shown here. Highly enriched immune pathways are marked with arrows.

(C) Statistical analysis of immunoglobulin Ig kappa chain V fragments in MS, data normalized to the corresponding

fragment in control.

(D) KEGG functional annotation analysis on DEPs downregulated by MPs post-LPS challenge, the top 7 enriched

pathways were shown here. Highly enriched receptor mediated immune pathways are marked with arrows.

(E) Using the STRING database, we established a protein interaction network diagram through sequence alignment

analysis: nodes represent proteins and edges denote interactions between two proteins. The size of the node is

proportional to its degree, which reflects the number of connections it has with other nodes in the network. A larger node
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receptor pathway (Figure 3E). Furthermore, GO enrichment analysis revealed that the most enriched term was

the acute-phase response (Figure 3F). Numerous immune-related terms were enriched, all of which were sup-

pressed by MP following LPS induction. Additionally, a comparison of the gene clusters reveals that approxi-

mately 10% of the specific DEGs upregulated by LPS in control were overlapped with the inhibited DEGs by

MPs during the immune challenge (Figure S4C). These findings suggest that MPs diminish the functional upre-

gulation of immune response genes and simultaneously suppress these immunepathways alongwith cell mem-

brane receptors pathways during the LPS challenge.

To investigate transcriptional mobilization in the immune response, we conducted functional annotation of

multiple gene clusters for LPS upregulated DEGs (Figure 3G). During the activation process of immune

signaling, fewer genes were annotated in terms of the immune system and response to stimulus in the

MPs group (Figure S5). We further performed multiple gene cluster enrichment analyses. The immunolog-

ical pathway, encompassing chemokine and cytokine activities as well as neutrophil migration, exhibited

lower enrichment significance and a reduced gene count in the MPs group (Figure 3H). These findings

collectively suggest that MPs induce receptor dysfunction, thereby suppressing immune signaling activa-

tion during the LPS challenge.

Detection of immune activation in serum under immune challenge

To provide amore comprehensive understanding of the role ofMPs in immune response, we conducted a com-

parison between changes in serumproteome of control andMPs-treated groups during the LPS challenge (Fig-

ure 4A). Firstly, we identified differentially expressed proteins (DEPs) in the LPS-treated group. Then, we

compared the downregulated and upregulated DEPs by MPs during the immune activation of serum. There

were 141 DEPs upregulated by MPs, and 159 DEPs downregulated by MPs. Multiple immune processes, BP

terms for IGP, andPMIRenriched in the LPS challengegroupwere all repressedbyMPs (Figure 4B). Additionally,

the DEPs upregulated by MPs did not include any immune-related biological processes, as shown in Figure S6.

We summarized the typical immunoglobulin levels measured in MS and found that LPS induced significant el-

evations of immunoglobulin in control mice, but no induction was observed in mice treated with MPs, as de-

picted in Figure 4C. Importantly, KEGG enrichment analysis revealed that pathways related to IL-17 and

NOD-like receptor signaling were inhibited by MPs treatment (Figure 4D). It has been reported that the activa-

tion of IL-17 signaling pathway is triggered by bacterial or viral infection, and the secretion of IL-17 requires stim-

ulation ofCD4+ T cells by IL-6.52 Therefore, the inhibition of IL-17was consistentwith our observationof reduced

levels of IL-6 in the serum ofMPs-treatedmice (Figure 1F). Moreover, NOD-like receptor activation necessitates

IL-1b which is secreted by activated macrophages.53 The suppression of NOD signaling also aligns with the

decreased monocyte level observed in MPs-treated mice.

We then constructed a protein interaction network for the set of proteins inhibited by MP in the immune

response. Fragment Q61646 secured the most crucial position in the network (Figure 4E). By comparative anal-

ysis of sequence Q61646, we predicted six proteins that were all localized in the ECM, 67% of which were asso-

ciated with immune response (Figures 4F and 4G). This suggested that MP may regulate immune suppression

by acting onECMproteins. Furthermore, this findingwas in linewith the liver transcriptomedata that suggested

MP disrupts tissue architecture and signaling pathways by impacting the ECM (Figure 2F).

MP deposited more in the ECM in liver

Our findings suggest that MPs may suppress immune signaling activation by inducing dysfunction of mem-

brane receptors. Subsequently, we aimed to investigate the mechanism underlying the inhibitory effect of

depositedMPs on signal transduction mediated bymembrane receptors. Due to the impact of MPs on bio-

logical processes related to cell structure (as shown in Figure 2E), we investigated whether there were any

changes in cell morphology. In liver sections stained with H&E and containing accumulated MPs, we

observed abnormal and irregular hepatocyte morphology (as depicted in Figure 5A). Additionally, flow cy-

tometry analysis revealed a wider distribution of hepatocyte sizes (Figure 5B). Hepatocyte morphology

Figure 4. Continued

indicates a higher degree of connectivity and thus greater importance within the network. Q61646 is highlighted in

red for emphasis.

(F) Proteins corresponding to fragment Q61646. Their corresponding gene names, subcellular locations, and biological

processes involved. The proteins information is sourced from the UNIPROT database (https://www.uniprot.org/).

(G) A schematic diagram illustrating the potential subcellular localization of Q61646. Data are presented as meanG SEM.

*p < 0.05. See also Figure S6.
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Figure 5. MP deposited more in the ECM in liver

(A) H&E staining of liver sections, typical hepatocyte was marked by a circle. The scale bars from top to bottom represent

75, 25, and 10 mm respectively.

(B) Distribution of hepatocyte size.

(C) Round ratio of hepatocyte was calculated by ImageJ (n = 40), the results normalized to the mean value of control.

(D) Fluorescence images of MPs in frozen sections of liver, accumulated MPs were respectively marked with white arrows

(intracellular), orange arrows (ECM-fragment), and blue arrows (ECM-granule). Scale bars from up to bottom, 75, 25, and

10 mm.
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exhibited higher heterogeneity in the liver with deposited MPs (Figure 5C). These findings were consistent

with the cell structure defects observed in bioinformatics analysis (Figure 2E). Subsequently, we conducted

a more detailed investigation into the distribution of MPs within the liver. To obtain more in situ signals,

frozen section imaging was utilized to detect MP signals andminimize the loss of fluorescence signal during

chemical treatment. There were distinct characteristics observed in the accumulation of MPs (Figure 5D).

Based on the distribution pattern of fluorescence signals, they could be classified into intracellular locali-

zation, ECM fragments, and ECMgranules (Figures 5D and S7A). The diameter of MP granules deposited in

the liver ranged from approximately 2 to 13 mm, with amedian diameter of about 5 mm (Figures 5E and S7B).

The blood vessel was considered as a negative control, where only minimal fluorescence signal was de-

tected (Figure 5F). The results revealed a significantly higher ECM signal of MPs, which were accumulated

in the ECM at 2–4 times the intracellular level (Figures 5F, S7C, and S8A). This suggests that there is more

MPs accumulation in the ECM. Furthermore, the fluorescence intensity of ECM-MPs exhibited greater het-

erogeneity than that of intracellular MPs (Figure S8B), indicating varying degrees of MP aggregation within

the ECM. Besides, we sorted hepatocytes containing MPs to validate our findings. Only a small number of

hepatocytes exhibited positive fluorescence for MPs (Figure 5G), and the intracellular fluorescence inten-

sity was significantly lower than that observed in the group with exogenous MPs addition. Approximately

15% of hepatocytes contained MPs, indicating that intracellular storage was not the primary site for MP

accumulation (Figure 5H). Additionally, certain ECMMPs were observed to co-localize with apoptotic cells

in Figure S7D. However, no significant alteration was detected in the liver’s apoptosis rate as shown in Fig-

ure S9. These findings support our observations that most MPs are deposited within the ECM rather than

accumulating intracellular (Figure 5D).

We observed a regular distribution of MPs in the tissue, primarily deposited within the ECM as aggregated

particles and distributed throughout the tissue section (Figure 5I). Additionally, cells adhered to the ECM

via transmembrane receptors; ECM could modulate membrane receptor signaling and downstream gene

expression to regulate cellular processes.54–57 Thus, these data suggested MP affected signal transduction

through MP disruption of the ECM (MPDEM), in which the accumulation of ECM-MPs leads to inert hin-

drances occupying the ECM, resulting in inevitable changes to multiple functions of the ECM.

MPs deposition of ECM hinders immune signaling pathways in the spleen

We investigated whether MPs could exert an impact on the function of other tissues via a similar MPDEM

mechanism. Our analysis revealed that in the spleen, another major immune organ, MPs exhibited three

distinct distribution patterns: intracellular localization, ECM fragmentation, and ECM granulation (Fig-

ure 6A). The diameter of the deposited MPs granules in the spleen ranged from 1 to 17 mm, which was

similar to that observed in the liver (Figure 6B). Furthermore, the intensity of ECM-MPs was significantly

higher than that of intracellular MPs (Figure 6C). Similar to our findings in the liver, we also observed an

abnormal distribution of cells and excessive leukocyte infiltration in the spleen with MP accumulation (Fig-

ure 6D). Furthermore, we conducted transcriptome sequencing of the spleen during the LPS challenge

(Figure 6E). Treatment with MPs had significant regulatory effects on the immune challenge-induced tran-

scriptome change of the spleen (Figure 6F). Additionally, comparison of control and MPs-treated spleens

revealed consistent KEGG enrichment results with those obtained from liver samples. Notably, downregu-

lated DEGs byMPs in the spleen were highly enriched in receptor signaling pathways, particularly cytokine-

cytokine receptor interactions (Figures 6G, 2D and 3B). Furthermore, MPs were found to inhibit B cell

receptor signaling as well as other classical immune signaling and immune cell activation pathways (Fig-

ure 6G). These findings suggest that ECM-deposited MPs have an impact on cellular signal transduction

and suppress the immune response in the spleen. This suggests that the MPDEM process is not limited

to the liver and has a broad in vivo effect. We have proposed a model illustrating how MPs modulate

cell signal transduction in organs (Figure 6I). As receptor activation is essential for immune response

(Figures 3B and 4B),49,58 ECM-deposited MPs suppress receptor-activated immune signaling, resulting

in decreased immunity in mice.

Figure 5. Continued

(E) Measurement of the diameter of MP granules.

(F) Fluorescence intensity measurements of MPs in liver frozen sections.

(G) Hepatocytes containing MPs were measured by flow cytometry, with positive cells for MPs being highlighted.

(H) The percentage of MPs signaling positive cells was quantified (n = 2 for control and n = 3 for MPs treatment).

(I) Proposed model for hepatic accumulation of MPs. Data are presented as mean G SEM. *p < 0.05, **p < 0.01, and

***p < 0.001. See also Figures S7–S9.
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Figure 6. MPs deposition of ECM hinders immune signaling pathways in the spleen

(A) Fluorescence images of MPs in frozen spleen sections were annotated with white arrows for intracellular MPs, orange

arrows for ECM fragments, and blue arrows for ECM granules. The scale bars were set at 75 mm for the upper images and

25 mm for the zoom-in images (1 and 2).

(B) Measurement of the diameter of MP granules.

(C) Fluorescence intensity measurements of MPs in spleen frozen sections.

(D) H&E staining of spleen sections, typical cell was marked by a circle. Scale bars, 100 mm.

(E) Schematic representation of spleen tissue samples utilized for transcriptome sequencing.
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DISCUSSION

As the severity of MP pollution continues to increase, more and more studies are being conducted to

explore and comprehend the detrimental effects of MPs on human health. Our findings indicate that

MPDEM plays a crucial role in immune response dysfunction, which was observed in both liver and spleen

tissues, suggesting its conservation acrossmultiple organs. The conservative action ofMPwithin tissues can

be attributed to its physical properties, which include difficulty in biodegradation and a specific size that

leads to enrichment in the ECM of organs. However, this constant accumulation of MP in the ECM may

impair its function as a support structure for cells, as evidenced by our observation of irregular intra-organ

structures in the liver and spleen that correlated with MP presence. ECM-MP has the ability to directly

interact with the cell membrane. The presence of a significant amount of MP in the ECM can also impact

other functions of the ECM, such as cellular communication and signal transduction regulation.Wepropose

that polyethylene MP utilizes its properties to disrupt tissue function through the process of MPDEM.

MPs in organs have been shown to disrupt various biological processes, such as metabolism, cell growth and

death, genetic information processing, and the immune system. In this study, we focused on innate immunity

and investigated how MPs induce dysfunction in the immune response. Genetic or pharmacological inhibition

of immune receptors can lead to suppression of the immune response, highlighting the importance of signal

transduction in this process.58 The immune system’s reliance on signal transduction for rapid activation is a

crucial characteristic, which has provided us with a unique research perspective to investigate the role of MP

in physiological processes that heavily rely on signal transduction. Our data indicate that signal transduction

is suppressed in mice treated with MPs (Figures 2D and 3E), and this inhibition has a significant impact, partic-

ularly on the immune response. Additionally, we hypothesize thatMPsmay also play a role in other physiological

processes requiring rapid signal transduction, such as hormone secretion and neural signal regulation.

Moreover, the endocytic capacity of cells is a crucial factor in the MPDEM process. Different organs with

distinct functions often exhibit varying levels of cellular endocytosis.59 Enhanced phagocytosis would

enable cells to engulf MP rather than allowing its deposition in the ECM. On the other hand, when the

size of MP is small enough, such as nanoscale plastic (<280 nm),35 they can be easily endocytosed by

most types of cells and thus tend to accumulate intracellularly rather than depositing in the ECM. There-

fore, the MPDEM process is influenced by both cell type and plastic size.

In conclusion, we investigated the impact of MP on immune response in mice and its underlying mech-

anisms using an immunological induction model. Our findings suggest that MP-mediated regulation of

cellular signaling transduction can significantly influence tissue function. In addition to discussing the

MPDEM process, we also highlighted the non-signal-induced effects (i.e., without LPS) of MP on tissue

and cell function. For example, the KEGG analysis of suppressed DEGs by MP revealed an enrichment

in the pathway of cell adhesion molecules (Figure 2D). This suggests that MP directly affects the ECM

and may impact other biological processes such as tissue stem cell viability, cell differentiation, growth

factor regulation, and even cancer. Our focus in this study was to elucidate the role of MP in signaling

transduction within tissue. However, the impact of MP on primary tissue disease through its interaction

with ECM remains uncertain. Will it promote or inhibit the progression of diseases such as cancer and

neurodegenerative disorders? These questions remain inconclusive. For instance, whether MP will facil-

itate or impede tumor growth in light of the MPDEM process yet requires experimental validation. There-

fore, further attention and research are imperative to explore this area comprehensively.

Limitations of the study

While this study has demonstrated that the ingestion of 5 mm MPs results in the accumulation of significant

amounts of MP debris within the ECM of both liver and spleen, it remains unclear whether this phenomenon

is applicable to other sizes or nanoscale MPs. Moreover, only sections of liver and spleen were examined in

this study, leaving the extent and pattern of MP accumulation in other tissues unclear. Due to the specificity

Figure 6. Continued

(F) Scatterplot depicting DEGs in spleen transcriptome sequencing results, with upregulated DEGs highlighted in red and

downregulated DEGs in green by MPs.

(G) KEGG analysis was performed on DEGs downregulated by MPs in spleen post-LPS challenge, and the top 20 enriched

pathways were shown here. Highly enriched receptor mediated immune pathways are marked with arrows.

(H) Proposed model of MP disruption extracellular matrix (MPDEM) function in organs. Data are presented as mean G

SEM. ***p < 0.001.
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of organ function, the role of ECM varies across different tissues and biological processes. Therefore, further

evidence is needed to determine whether MP’s effect on cell signaling is consistent across other tissues.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

MPs Base Line Chrom Tech Research Centre Cat#7-3-0500

LPS Sigma Cat#L2630

Collagenase Type IV Sigma Cat#C5138

OCT Sakura Cat#4583

HBSS Corning Cat#21-022-CVR

CaCl2 Solarbio Cat#C8370

Penicillin/Streptomycin(P/S) Solarbio Cat#P1400

Primocin InvivoGen Cat#ant-pm-2

EGTA Amresco Cat#0732

Gelatin Amresco Cat#9764

HEPES Amresco Cat#0511

TRIzol Life Technologies Cat#15596018

DNase I TaKara Cat#2270A

B27 Thermo Cat#17504044

Triton-X100 Thermo Cat#85111

SDS Thermo Cat#28312

BCA Thermo Cat#23227

Urea Merck Cat#U5378

Critical commercial assays

Annexin V-mCherry Apoptosis Detection Kit Beyotime Biotechnology Cat#C1069M

FastKing RT Kit (With gDNase) TianGen Cat#KR116-02

2X qPCR MasterMix-Low Rox Abm Cat#MasterMix-LR

Ribo-Zero Gold kit Illumina Cat#RS-123-2201

TNF ELISA Set BD Cat#555268

IL-6 ELISA Set BD Cat#555240

Deposited data

MP-hepatic-gene sets This paper Harvard Dataverse https://doi.org/10.7910/

DVN/QVSYWC

MP-spleen-gene sets This paper Harvard Dataverse https://doi.org/10.7910/

DVN/QVSYWC

Statistical table of comparison results This paper Harvard Dataverse https://doi.org/10.7910/

DVN/QVSYWC

Experimental models: Organisms/strains

Mouse: C57BL/6J Vital River Laboratory Custom-ordered

Oligonucleotides

Primers for quantitative

RT-PCR, see Table S1

This paper N/A

Software and algorithms

FlowJo BD Biosciences http://www.flowjo.com

Image J NIH https://imagej.net/ImageJ

Adobe Illustrator CC 2018 Adobe https://www.adobe.com

GraphPad Prism 8 GraphPad software http://www.graphpad.com
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Jiaqi Hou (houjiaqi0325@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study generated 20 unique datasets, and analytical results are all available in the Harvard Dataverse.

Harvard Dataverse, V1, UNF: 6: SbUM+zW0vd+gPmSmFC1iQg= [fileUNF] (https://doi.org/10.7910/DVN/

QVSYWC). Deposited data sets are listed in in the key resources table. This study did not generate any

code. Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal and MPs treatment

All the animal husbandry and experimental procedures were in strict accordance with the guidelines

approved by the Institutional Animal Care and Use Committee (IACUC) of Tsinghua University. All mice

were housed in a pathogen-free environment with ad libitum access to food and water, under controlled

temperature conditions of 25G1�C on a 12-hour light/dark cycle. Wild-type (WT) C57BL/6J mice were pro-

cured from Vital River Laboratory.

In this study, we employed polyethylene plastic, a commonly utilized material in the field of biohazard

research on MPs.28–30,32,33 The polystyrene microsphere particles with a diameter of 5 mm, labeled with

fluorescein isothiocyanate (FITC), were utilized as the MP treatment (7-3-0500, Base Line Chrom Tech

Research Centre, Tianjin, China). Male mice at four weeks old were weighed and randomly divided into

four groups based on comparable mean body weights. Of the 4 groups (n=5�6 for each), 2 groups of con-

trol mice (CON) drank normal water and the other 2 groups of MP-exposed mice (MPs) drank water with a

concentration of 10 mg/mLMPs (about 8.123 1011 particles/mL). Mice exposed to MPs were subjected to a

6-week exposure period. Subsequently, both control and treated mice underwent a standard 6-hour food

withdrawal protocol at approximately 3:00 p.m. for sample collection.

METHOD DETAILS

Mice immune challenge

To elicit an immune response, LPS (Sigma-Aldrich, Saint Louis, MO, USA) was administered via intraperi-

toneal injection at a dose of 2 mg per g body weight in a volume of 200 mL.48 Tissue samples from the liver

and spleen as well as serumwere collected four hours post-injection. Blood was collected 12 hours after the

LPS injection to measure immune cell levels.

Histological analysis

For liver frozen sections, liver samples were promptly fixed in Optimal Cutting Temperature Compound

(OCT) at -80�C. Then, the OCT-embedded tissues were cut into 8-mm-thick sections for fluorescence signal

detection of FITC-labelled MPs. For hematoxylin and eosin (H&E) staining, liver samples were promptly

fixed in 4% paraformaldehyde (PFA) after harvesting, dehydrated, and embedded. Paraffin-embedded tis-

sues were cut into 6-mm-thick sections and stained with hematoxylin/eosin for cell morphology analysis.60

Imaging data were processed and morphology analysis was performed using the ImageJ software (1.49V,

NIH, Bethesda, MD, USA).

Primary hepatocyte isolation and FACS flow cytometry analysis

Mice were anesthetized with 250 mg/kg avertin, and the liver was perfused through the portal vein with

50 mL of warm (37�C) Hank’s balanced salt solution (HBSS) buffer (Invitrogen, Carlsbad, CA, USA) supple-

mented with 1 mM ethylene glycol-bis (b-aminoethyl ether)-N, N, N0, N0-tetraacetic acid (EGTA) and 5 mM

glucose (HBSS-EGTA) at a speed of 10-15 mL min-1 and then digested with 40 mL of collagenase IV (Sigma-

Aldrich) prepared in HBSS buffer at the concentration of 0.25 mg/mL supplemented with 5 mM CaCl2 and
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5 mM glucose. Primary hepatocytes were suspended in HBSS-EGTA and sedimented at 500 rpm for 5 min.

Cells were washed with HBSS and used in the flow cytometry assay. For measurement of MPs, the FITC

signal was recorded by excitation at 494 nm and emission at 518 nm, to determine the distribution of cells

interacting with MPs. Hepatocytes were incubated with 10 mg/mL of MPs for 10 min before FACS flow cy-

tometry analysis and 0.1% Triton-X100 was used to remove membrane sticking MPs by incubation for 5 min

before FACS flow cytometry analysis. For themeasurement of cell apoptosis rate, 195 mL binding buffer and

5 mL of Annexin V-mCherry reagent (Annexin V-mCherry Apoptosis Detection Kit C1069M, Beyotime

Biotechnology, Shanghai, China) were used to incubate hepatocyte at 20�C-25�C for 10-20 min, the

mCherry signal was recorded by excitation at 587 nm and emission at 610 nm to determine the distribution

of apoptotic cells.

Quantitative reverse transcribed polymerase chain reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s recommenda-

tions. The mRNAs were reverse transcribed using the FastKing RT Kit (KR116; Tiangen, Beijing, China).

Quantitative PCR was performed using the EvaGreen Mastermix on an Applied Biosystems StepOne or

Vii7 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Duplicate runs of each sample

were normalized to 18S rRNA to determine the relative gene expression levels.60

RNA extraction and library preparation

Total RNA was extracted from frozen tissues using TRIzol reagent (Invitrogen) according to the manufac-

turer’s instructions. RNA samples were treated with DNase I (TaKara Bio Inc., Kusatsu, Shiga, Japan). A total

of 500 ng RNAwas used for library preparation with the TruSeq Stranded Total RNAwith Ribo-Zero Gold kit

(RS-123-2201; Illumina, San Diego, CA, USA). Then, the RNA quality was determined with a 2100 Bio-

analyzer (Agilent Technologies, Santa Clare, USA) and quantified using the ND-2000 spectrometer

(NanoDrop Technologies, Wilmington, DE, USA). Only high-quality RNA samples (OD260/280=1.8�2.2,

OD260/230R2.0, RINR6.5, 28S:18SR1.0, >1 mg) were used to construct the sequencing library.

The RNA-seq transcriptome library was prepared following the TruSeq� RNA sample preparation kit (Illu-

mina) using 1 mg of total RNA. The raw paired-end reads were trimmed, and quality controlled using

SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) with default

parameters. Then, clean reads were separately aligned to the reference genome with orientation mode us-

ing HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml).61

Differential gene expression analysis and functional enrichment

To identify DEGs between two different samples, the expression level of each transcript was calculated

according to the transcripts per million reads (TPM) method. RSEM (http://deweylab.biostat.wisc.edu/

rsem/)62 was used to quantify gene abundance. Basically, differential expression analysis was performed

using the DESeq263/DEGseq64/EdgeR65 with P-value % 0.05, DEGs with |log2FC|>1 and P-value % 0.05

(DESeq2 or EdgeR) /P-value % 0.001(DEGseq) were considered to be significantly DEGs. In addition,

functional-enrichment analyses, including GO and KEGG analyses, were performed to identify which

DEGs were significantly enriched in GO terms and metabolic pathways at a Bonferroni-corrected

P-value % 0.05 compared with the whole-transcriptome background. GO functional enrichment and

KEGG pathway analyses were performed using Goatools (https://github.com/tanghaibao/Goatools)

and KOBAS (http://kobas.cbi.pku.edu.cn/home.do).66

Serum extraction and proteomic analysis

Total protein was extracted from serum using a urea lysis buffer (7 M urea, 2 M thiourea, and 1% sodium

dodecyl sulfate) with a protease inhibitor. Protein concentration was measured with a bicinchoninic acid

(BCA) Protein Assay Kit (Pierce, Thermo Fisher Scientific Inc., Waltham, MA, USA). Following reduction,

cysteine alkylation, and digestion, the samples were labeled with iTRAQ Reagents (4390812; Applied Bio-

systems) according to the manufacturer’s instructions. After desalting with a C18 solid-phase extraction

cartridge, peptides were used for Nano Liquid Chromatography–tandem Mass Spectrometry (LC-MS/

MS) analysis.67 The RAW data files were analyzed using ProteomeDiscoverer Version 2.2 (Thermo Fisher

Scientific Inc.) against the Mus musculus database (http://asia.ensembl.org/Mus_musculus/Info/Index, As-

sembly Version GRCm38, 67856s). Proteins expressed were identified as belonging to the serum proteome

in this study. The thresholds of the fold change (>1.2 or <0.83) and P-value<0.05 were used to identify DEPs.
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Annotation of all identified proteins was performed using GO (http://www.blast2go.com/b2ghome; http://

geneontology.org/) and KEGG pathway (http://www.genome.jp/kegg/). DEPs were further used for GO

and KEGG enrichment analysis. Protein-protein interaction analysis was performed using the String

v10.5 database.68

Hematological analysis

Blood (100 mL) was collected from the fundus vein of mice using a capillary diameter of 0.5 mm and imme-

diately placed in an anticoagulant vessel and oscillated to avoid coagulation.69 Blood-related parameters

were obtained by Procyte Dx analysis using the IDexx Procyte Dx* Hematology Analyzer (IDexx Labora-

tories Inc., Westbrook, ME, USA).

Serum cytokine measurement

For tumor necrosis factor-a (TNF-a) and Interleukin 6 (IL-6) measurements, blood was collected after 4 hs of

LPS injection, centrifuged for 30 mins at 13,000 x g, 4�C to remove blood cells and debris, and measured by

mouse TNF ELISA Set (BD Biosciences, Cat#555268), mouse IL-6 ELISA Set (BD Biosciences, Cat#555240),

according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are reported as the meanG Standard Error of Mean (SEM). Imaging data were processed with Im-

ageJ (1.49V; NIH, Bethesda, MD, USA) and were plotted with GraphPad Prism 8.0 (GraphPad Software Inc.,

San Diego, CA, USA) and Adobe Illustrator CS6 (Adobe Inc., San Jose, CA, USA). Group differences were

analyzed using the two-sided Student’s t-test, and differences with P -value <0.05 were considered

significant.
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