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Nanoplastics impair antitumor NK 
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Nanoplastics are pervasive environmental contaminants that continuously expose humans and 
accumulate in multiple organs. Increasing evidence associates NPs with adverse health effects, 
including inflammation and carcinogenesis, yet their impact on human innate and adaptive immunity 
remains poorly understood. This knowledge gap is particularly relevant for diseases treated with 
therapies that modulate immune responses. Here, we investigated the effects of NP exposure on 
major subsets of human peripheral lymphocytes, essential for antitumor and antiviral defense 
while preserving immune tolerance. Peripheral blood mononuclear cells from healthy donors were 
exposed to oxidized and plasma-exposed NPs, which acquired a stable protein corona. NP exposure 
induced a time-dependent increase in immune cell interactions and resulted in reduced activation and 
functionality of CD4⁺ and CD8⁺ T cells, B cells, and natural killer cells. T lymphocytes displayed impaired 
tumor antigen-specific responses, while natural killer cells showed decreased tumor cell-killing 
capacity. Notably, B cells internalized NPs, leading to reduced ability to generate antibodies against 
SARS-CoV-2. Overall, these findings demonstrate that NPs compromise both innate and adaptive 
immune functions, weakening antiviral and antitumor responses. Our results highlight potential risks 
associated with NP exposure for susceptibility to infections and cancer as well as immune-based 
therapy efficacy.
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Nanoplastics (NPs) have been detected worldwide and has captured scientific attention for their potential health 
effects. Microplastics (MPs) and NPs, < 100 nm in size, are generated from the breakdown of larger plastic debris, 
such as industrial abrasives, via processes like mechanical wear, weathering, photodegradation, hydrolysis, heat, 
and biological fragmentation1. NPs have a greater impact on health compared to MPs due to their smaller size, 
which allows them to easily cross biological membranes and enter endocytosis pathways. This enables them to 
accumulate in organs and contribute to long-term damage in systems such as the respiratory, gastrointestinal, 
cardiovascular, hepatic, renal, reproductive systems2. Importantly, long-term environmental exposure to NPs 
may impact and exacerbate inflammation affecting the outcome and therapeutic response of non-communicable 
diseases, such as cancer3. Environmental aging alters the physicochemical properties of NPs, thereby influencing 
protein corona composition in bodily fluids such as blood and ultimately affecting their adsorption patterns to 
cells; thus, this process plays a critical role in determining the biological activity of NPs within the human body4. 
Measurable levels of NPs were found in the blood of human volunteers5–7. These findings raise concerns about 
the effect of NPs on immune cells, which are a key component of blood. Notably, while various studies have 
emphasized the effects of NPs on the immune system, most of this research has focused on murine models and 
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cell lines, with only a limited number examining human primary cells. Moreover, no reports have yet explored 
the functionality of key immune populations that regulate both innate and adaptive immune responses2.

Polystyrene NPs are widespread environmental polymers that, upon human exposure, can disrupt the 
blood-brain barrier, damage endothelial cells, and promote colitis-associated cancer through lipid metabolism 
disruption and DNA damage8,9. From an immunological perspective, in vivo and in vitro studies demonstrate 
that NPs can interfere with immune cell populations, including macrophages, dendritic cells (DCs), neutrophils, 
T cells, B cells, and natural killer (NK) cells10. In mice, prolonged exposure to NPs leads to increased intestinal 
permeability and disruption of the immune barrier, resulting in inflammation, a reduction in CD4 + and CD8 
+ T cells, and dysregulation of B cells11. Human peripheral blood lymphocytes (PBLs) have been reported as 
targets of the genotoxic and cytotoxic effects of NPs12. In terms of immune response, T and B lymphocytes are 
key players in adaptive immunity, with B cells determining antibody specificity and CD8 + T cells targeting 
infected or cancerous cells. CD4 + T helper (Th) cells produce cytokines to support immune activity, while NK 
cells eliminate infected or tumor cells without prior exposure. Human lymphocytes have been reported to take 
up NPs, albeit at a much lower rate, than cells of the monocyte-macrophage lineage, which are the primary cells 
involved in the uptake and internalization of NPs13,14. CD4 + Th and cytotoxic CD8 + T cells showed reduced 
viability and downregulation of activation markers after 24 h of exposure to 70 nm NPs, along with modulation 
of key cytokines like IL-1β, IFN-γ, IL-6, TNFα and IL-17A15. The suppressive effects of 50 nm NPs were also 
observed in murine splenic lymphocytes, characterized by low particle uptake, apoptosis, oxidative stress, and 
inhibited T cell activation. This was evident from the downregulation of CD25 + and CD69 + markers, reduced 
IL-2 and IFN-γ production, and decreased phospho-IκBα, phospho-IKKβ, and phospho-STAT5 activation16. A 
study using the Raji-B cellular model, representative of B lymphocytes, demonstrated low NP uptake along with 
mild toxicity, reactive oxygen species (ROS) production, and genotoxicity17. Moreover, NK cells were identified 
as an immune population affected by MP exposure, playing a key role in liver inflammation in mice chronically 
exposed18,19. Nevertheless, a direct link between phenotypic and functional immune modulation of human 
lymphocytes following NP exposure has not yet been established.

In this study, we focused on the lymphocyte component of human peripheral blood and conducted a 
comprehensive analysis of the effects of NPs on key lymphocyte subsets essential for effective immune responses. 
Our findings demonstrate that NPs rapidly acquire a protein corona upon exposure to plasma, which mediates 
significant interactions with major lymphocyte subsets leading to the downregulation of immune responses at 
both phenotypic and functional levels. Notably, we found that the immunosuppressive environment induced by 
NPs severely affects the functional response of critical immune subsets, such as CD8 + T lymphocytes and NK 
cells, thereby impairing antigen-specific immune response against cancer cells. In addition, NPs were found to 
inhibit IgG production in activated B cells in response to SARS-Co-V2 infection.

Results
NP functionalization
To mimic aged environmental NPs with diverse sizes and chemical modifications, we conducted our experiments 
using functionalized polystyrene NPs20. Commercially available original (or)-NPs were thermally treated at 80 
°C to induce oxidation, allowing the presence of carboxyl, alkoxyl and hydroxyl groups on the particle surface. 
Oxidized (ox)-NPs were then incubated with plasma from the same donor from whom PBMC were isolated 
to form a donor-specific protein corona while retaining colloidal stability, thereby reproducing the natural 
biological coating present in the blood and yielding plasma-coated ox-NPs (Pl-ox-NPs; also referred to as NPs). 
Transmission electron microscopy (TEM) analysis showed that or-NPs resuspended in PBS, were well dispersed 
and not agglomerated (Fig. 1A). Following oxidation, NPs agglomerated, forming clusters with diameters up 
to ~ 1.5 μm (Fig. 1B). Notably, large NPs agglomerates surrounded by a protein corona were observed after 
2 h-incubation with plasma (Fig. 1C). Evidence for protein corona formation was provided by the significant 
differential enlargement in the average diameters of Pl-ox-NPs relative to or-NPs and untreated ox-NPs (Fig. 
1D). These findings were complemented by dynamic light scattering (DLS) measurements, which provided 
hydrodynamic diameter (Z-average), polydispersity index (PDI) and surface charge (zeta potential) values for all 
NP groups (Fig. 1; Table 1). The or-NPs exhibited a PDI close to 0.1, consistent with a monodisperse suspension 
and their size distribution displayed a single, narrow peak centred around 126 nm (Fig. 1E). In contrast, ox-NPs 
showed significantly increased hydrodynamic diameters and PDI values, indicative of polydispersity and particle 
agglomeration. Intensity-based size distributions revealed a dominant peak at 1.9 μm and a minor peak near 170 
nm (Fig. 1E), while the high Z-average value likely arose from the dependence of scattering intensity on particles 
with the sixth power of radius, causing signals from large agglomerates to dominate over smaller particles. When 
suspended in plasma for 2 h, Pl-ox-NPs showed agglomeration, with three main populations observed (~ 5.4 
μm, 267 nm, and 44 nm, the latter likely corresponding to protein aggregates), and the high polydispersity (PDI 
> 0.7) precluded a reliable Z-average measurement (Fig. 1E; Table 1). Due to the high polydispersity (PDI > 
0.7), a reliable Z-average could not be determined for these particles (Fig. 1; Table 1). Importantly, these features 
were maintained for up to 48 h of plasma incubation (Fig. S1). Zeta potential measurements showed that or-NPs 
were negatively charged in PBS, while oxidation reduced their negative surface charge, indicating decreased 
suspension stability consistent with the increased PDI values. Pl-ox-NPs showed even greater instability, with 
zeta potential shifting toward less negative values, reflecting protein adsorption and corona formation that 
promoted agglomeration, as confirmed by DLS analysis. Notably, all the characteristics exhibited by NPs upon 
plasma exposure were confirmed and recapitulated by incubating ox-NPs with human serum (Fig. S2).
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NPs enhance interactions between peripheral blood lymphocytes but lead to a less activated 
state
Human peripheral blood lymphocytes show low NP uptake, but the effects on their phenotype and function 
remain unknown13. We assessed the effects of Pl-ox-NPs (hereafter referred to as NPs) on PBMC proliferation 
and cell death, observing a slight, non-significant increase in proliferation and a higher live/dead ratio at 72 h 
versus controls (Fig. S3A, B). Further analysis of lymphocyte subset viability (CD4⁺ and CD8⁺ T cells, NK cells, 
B cells) up to 96 h post-NP exposure showed enhanced survival in all subsets except CD8⁺ T cells. With IL-2, 
live CD4⁺ and CD8⁺ T cells were reduced at 72 h in NP-exposed cultures, while B cells and NK cells remained 
more viable at all time points (Fig. S3C-D). Next, we assessed the effects of NP exposure on the phenotype 
and function of individual lymphocyte subsets. NP-exposed CD4⁺ T cells showed enhanced homotypic and 
heterotypic interactions, increasing cell conjugate formation up to 96 h (Fig. 2A-B). With IL-2, interactions 
were higher initially but declined by 96 h, unlike unexposed cells, which continued to increase (Fig. 2C). In 
addition, NP-exposed CD4⁺ T cells cultured with IL-2 exhibited increased cytoplasmic granularity and cell size 
at 72 h, indicating altered cellular processes and limited NP uptake (Fig. 2D). TEM analysis showed that only a 
small fraction of CD4⁺ T cells contained vacuoles with electron-dense NP-like material (Fig. 2E, Fig. S4). Flow 
cytometry revealed that NP exposure significantly downregulated activation markers (CD69, CD25, CD154, 
HLA-DR, CD38) and the inhibitory marker PD-1, broadly impairing T cell activation even in the presence of 
IL-2 (Fig. 2F, Fig. S5).

IL-2 (Fig. 4E-G). NP exposure also increased B cell interactions at 72 h, which then declined to levels similar 
to unexposed cells, a pattern also observed with IL-2 (Fig. 5A, C). NP-exposed B cells enlarged and developed 
intracellular granules, changes amplified by IL-2, with larger cells, abundant cytoplasm, and vacuoles containing 
NP-like material (Fig. 5B, D, E). Over time, TEM analysis showed few NP-containing vacuoles at 48 h, increasing 
substantially by 96 h (Fig. S6).

NPs attenuate immune activation and induce immunoregulatory markers
We next examined in depth the lymphocyte microenvironment shaped by NP exposure. Scanning Electron 
Microscopy (SEM) analysis showed that NP exposure enhanced CD4⁺-CD19⁺ cell conjugates, evident at 48 h, 
peaking at 72  h, and remaining prominent at 96  h (Fig.  6A, Fig. S6). These results indicate that changes in 
the immune environment are also driven by interactions among multiple lymphocyte populations. To 

Fig. 1.  Measurements of NPs. TEM of or-NPs in PBS (A), ox-NP in PBS (B), Pl-ox-NP exposed to Pl for 2 h 
(C). Graph showing the average diameters of NPs (D). Size distribution of or-NPs and ox-NPs in PBS and Pl-
ox-NPs by DLS analysis (E). Hydrodynamic diameter (Z-Average), PDI and Zeta potential of or-NPs, ox-NPs 
and Pl-ox-NP (Table 1); ****p ≤ 0.0001.
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Fig. 2.  NP effects on CD4 + T lymphocytes. (A, C) Time-course of CD4⁺ T cell interactions in PBMCs from 
CTR (A) or IL-2-stimulated (C) cultures exposed or not to NPs (48–96 h). Data represent mean % CD4⁺ cell 
conjugates ± SE; **p ≤ 0.01, ****p ≤ 0.0001, ns: not significant. (B, D) Representative CLSM images of CD4⁺ T 
cells after 72 h NP exposure, stained for CD4 (green), actin (red), and nuclei (blue). White arrows indicate 
interacting cells; insets show transmission light images at higher magnification of Region Of Interest (ROI; 
dotted lines) with large vesicles in mainly in IL-2-stimulated NP-exposed cells. Scale bars= 20 μm. (E) TEM of 
CD4⁺ T cells ± NPs for 72 h, showing vacuoles with electrodense NP-like material (*). White arrows indicate 
anti-CD4 immunogold labeling; right panel shows magnified ROI. (F) Flow cytometry of activation markers in 
CD3⁺CD4⁺ T cells after 72 h-NP exposure (mean ± SE; *p ≤ 0.05). Data are representative of three independent 
experiments. Similarly, NP-exposed CD8⁺ T cells showed increased cell interactions over time, peaking at 
96 h and forming clusters of highly granular cells by 72 h (Fig. 3A-B). With IL-2, NP exposure did not alter 
interaction rates, and cell conjugates declined at 96 h, yet clustering with densely granular cytoplasm was 
consistently observed (Fig. 3C-D). NP exposure also significantly downregulated early-activated CD69⁺CD8⁺ T 
cells, activated CD25⁺CD8⁺ cells, and highly activated HLA-DR⁺CD38⁺CD8⁺ subsets, with a trend toward PD-1 
downregulation, though not statistically significant (Fig. 3E).
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Fig. 3.  Impact of NPs on CD8 + T lymphocytes. (A, C) Time-course of CD8⁺ T cell interactions in PBMCs 
from CTR (A) or IL-2-stimulated (C) cultures exposed or not to NPs for 48–96 h. Data show mean % CD8⁺ 
cell conjugates ± SE; *p ≤ 0.05, ****p ≤ 0.0001. (B, D) CLSM images of CD8⁺ T cells after 72 h-NP exposure, 
stained for CD8 (green), actin (red), and nuclei (blue). White arrows indicate interacting cells, with a higher 
frequency of in NP-exposed cells; insets show transmission light images of higher magnification of ROI (dotted 
lines) with vesicle-containing cells mainly in IL-2-stimulated NP-exposed cultures. Scale bars=20 μm. (E) 
Flow cytometry of CD8⁺ T cells after 96 h NP exposure, showing activation markers (HLA-DR, CD38) in CTR 
or IL-2 conditions of three independent experiments (mean ± SE; *p ≤ 0.05); left panel: representative flow 
cytometry plots.Analysis of NK cells also revealed enhanced interactions in the presence of NPs, peaking at 
96 h (Fig. 4A). (Fig. 4A). Unlike T cells, NP exposure enhanced CD56⁺ cell conjugates even with IL-2, without 
decline at later time points (Fig. 4C). CSLM revealed limited effects on NK cell granularity compared to CD4⁺ 
and CD8⁺ lymphocytes (Fig. 4B, D). However, NP exposure impaired NK function, reducing CD107a⁺ and 
IFN-γ⁺ cells after K562 co-culture and decreasing cytotoxicity, both with and without IL-2.
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integrate these observations with the alterations in lymphocyte phenotype and interactions, we assessed the 
production of key immune-modulating factors, including chemokines, cytokines, soluble immune receptors, 
metalloproteinases, growth factors, and transcription factors in PBMCs, with or without IL-2. The analysis 
was conducted either at the transcriptional level following 48 h and 96 h exposure to NPs and at the protein 
level in the supernatants of cultures at 96 h. Unsupervised clustering of transcriptome data showed that NPs 
induced time-dependent immunosuppressive effects, stronger in naïve PBMCs than with IL-2. After 48 h-NP 
exposure, PBMCs displayed downregulation of IL-12, IL-21, IL-4, IL-15, PD-1, and transcription factors IRF-
4, Blimp-1 (PRDM1) and IRF-8, alongside upregulation of CXCL8 and IL-10. By 96  h, the transcriptome 
showed a pronounced immunosuppressive profile, with strong downregulation of pro-inflammatory molecules 
(IL-6, CXCL8, IL-1β, TNF, IFN-γ, IL-12, IL-21) while IRF-4 remained suppressed, and IL-10 was markedly 
upregulated, indicating a shift toward a tolerogenic environment potentially dampening both innate and adaptive 
responses (Fig. 6B). Proteomic analysis confirmed the transcriptomic results. After 96 h-NP exposure, PBMCs 

Fig. 4.  NPs modulate NK cell interactions and impair cytotoxic function. (A, C) Quantification of CD56⁺ 
NK cell conjugates in PBMCs cultured with or without NPs under control or IL-2-stimulated conditions over 
time; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. (B, D) CLSM images showing increased CD56⁺ NK 
cell interactions (white arrows) in NP-exposed cultures without evident morphological alterations as showed 
in transmission light image magnified ROI (dotted lines). Scale bars=20 μm. (E) NK cell degranulation 
and cytokine production, assessed by CD107a and IFN-γ following stimulation with K562 target cells in 
four HDs. (F) Representative flow cytometry plots of NK activity, measured by CD107a expression and 
IFN-γ production. (G) NK cell-mediated cytotoxicity against K562 cells at different E: T ratios. Data are 
representative of three independent experiments or shown as mean ± SE; *p ≤ 0.05.
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showed downregulation of TNF, IL-6, IL-17, CD163, TIMP1, and CXCL1, with IL-2-stimulated PBMCs also 
showing reduced MMP10, CCL3, CCL4, and FABP4, indicating suppressed inflammatory responses (Fig. 6C). 
PCA further revealed that NP exposure dominated over culture conditions, as NP-exposed PBMCs clustered 
separately from controls regardless of IL-2 treatment (Fig. 6D). As some NP-modulated molecules are myeloid-
associated, CD14⁺ monocytes were confirmed to internalize NPs, displaying modest PD-L1 upregulation and 
reduced HLA-DR compared with controls (Fig. S7).

Exposure to NPs hampers the ability of NK and CD8 + T cells to generate an effective 
antitumor response
Given the functional immune changes, we assessed the impact of NP exposure on T cell and NK cell anti-tumor 
activity, using DC/PBL co-cultures to measure the antigen-specific T cell responses. A significant reduction in 
CD4 + T cells was observed, along with a pronounced downregulation of the activation markers CD69, CD25, 
and CD38 (Fig. 7A). In addition, although the frequency of memory CD4 + T cells remained stable, there was a 
notable decrease in CCR4 + CCR6+ Th2 cells and downregulation of Th17 cells, while Th1 cells were unaffected 
(Fig. 7B). In contrast, CD8⁺ T cell frequency increased, but fully activated cytotoxic subsets (CD8⁺CD69⁺CD137⁺, 
CD8⁺CD69⁺CD25⁺, CD8⁺HLA-DR⁺CD38⁺) and partially activated CD8⁺HLA-DR⁻CD38⁺ cells were markedly 
downregulated (Fig. 7C). NP exposure also reduced degranulating CD107a⁺IFN-γ⁺ CD8⁺ T cells (Fig. 7D, E) 
and significantly impaired their cytotoxic activity against HLA-A2⁺ Karpas-422 lymphoma target cells in the 
Calcein-AM assay (Fig. 7G). These effects were observed in the context of antigen-driven responses generated 
in autologous IFN-DC/PBL co-cultures, in which tumor lysate-loaded IFN-DCs were used to prime and expand 
tumor-reactive effector lymphocytes. Strikingly, NP exposure also compromised NK cytotoxicity immunity 
within the same antigen-priming co-cultures reducing the frequency of CD3⁻CD56⁺ NK cells co-expressing 
IFN-γ and CD107a with a marked decrease in NK cell-mediated lysis of K562 target cells in the Calcein-AM 
assay (Fig. 7D, F, H). Together, these findings demonstrate that NP exposure broadly suppresses both antigen-

Fig. 5.  NPs alter CD19⁺ B lymphocyte interactions and ultrastructure. (A, C) Time-course quantification of 
CD19⁺ B-cell conjugates in PBMCs cultured with or without NPs under control or IL-2-stimulated conditions. 
Data are mean% ±SE; *p ≤ 0.05, **p ≤ 0.01. (B, D) CLSM images of PBMCs ± NPs showing increased CD19⁺ 
B-cell interactions (white arrows). mainly in IL-2-stimulated cultures. Transmission light image insets 
highlight intracellular vesicles in NP-exposed cells. Scale bars = 20 μm. (E) TEM analysis of IL-2-stimulated 
CD19⁺ B cells ± NPs showing altered cytoplasmic organization and vesicle accumulation; white arrows indicate 
CD19 immunogold labelling; the right panel shows a magnified ROI and asterisks indicate vacuoles with NP-
like structures. All data are representative of three independent experiments.
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specific CD8⁺ T cell responses and NK cell effector functions within a physiologically relevant DC-driven 
immune activation system, indicating a coordinated impairment of adaptive and innate antitumor immunity.

NPs impair B cell capability in generating antibodies against SARS-CoV-2
To evaluate how NP exposure affects B cell function, we examined SARS-CoV-2-specific memory B cells in 
PBMCs from vaccinated individuals. NP exposure increased B cell conjugate formation, reaching levels similar 
to Spike antigen stimulation, and combined NP plus Spike exposure further enhanced cell interactions (Fig. 8A). 
We then assessed the recall antibody response to Spike antigen. NP exposure alone did not affect IgG in CD19⁺ B 
cells, which increased with Spike or HA stimulation. However, combined NP and Spike exposure prevented the 
IgG increase, indicating an inhibitory effect of NPs on antibody production (Fig. 8B, C). Ultrastructural analysis 
showed that HA or Spike antigens induced plasmacytoid features in CD19⁺ B cells, including irregular nuclei, 
cytoplasmic extensions, and abundant ER and Golgi, which were substantially diminished after NP exposure 
(Fig. 8D).

Discussion
Chronic exposure to NPs promotes their internalization by human cells, potentially inducing pathological 
responses such as cytotoxicity, oxidative stress, and inflammation, and is associated with adverse outcomes 
including reproductive and cardiovascular effects7,21. Although numerous studies in murine models and human 
cell lines have shown the detrimental biological effects of NPs, including on the immune system, their impact 
on the function of primary human cells remains poorly explored22,23. To date, there is no evidence regarding 

Fig. 6.  NPs modulate immune cell interactions and molecular profiles in PBMCs. (A) SEM 
immunolocalization of PBMCs labeled for CD4, CD19, and CD14, showing increased cell interactions after NP 
exposure and IL-2 stimulation. Images are shown with BSE insets. (B-C) Heatmaps of differentially expressed 
genes (48 h, 96 h) and proteins (96 h) in PBMCs exposed to NPs versus controls. (D) PCA of immune-related 
protein expression in PBMCs cultured for 96 h with or without NPs. Large dots indicate condition means 
(n = 4); small dots represent individual samples. Figures in panels B-D were generated using RStudio software.
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Fig. 7.  NPs impair CD8⁺ T cell and NK cell effector functions induced by tumor Ag-loaded IFN-DCs. 
Phenotypic and functional analysis of PBLs stimulated with tumor lysate-loaded IFN-DCs, in the presence 
or absence of NPs. (A) Activation markers on CD4⁺ T cells. (B) Flow cytometric analysis of Th1, Th2, and 
Th17 CD4⁺ T-cell subsets. (C) Activation profiles of CD8⁺ T cells. (D) Degranulation and IFN-γ production 
in CD8⁺ T cells and NK cells. Data in panels A-D are representative of three independent experiments. (E) 
Mean percentages from three independent experiments of CD107a⁺, IFN-γ⁺ and CD107a⁺IFN-γ⁺ CD8⁺ T cells, 
assessed against Karpas-422. Given three replicates, statistical analysis was performed using a Wilcoxon test 
on paired measurements across the three experimental blocks, with p < 0.01. (F) Mean percentages from three 
independent experiments of CD107a⁺, IFN-γ⁺ and CD107a⁺IFN-γ⁺ NK cells, assessed against K562; statistical 
analysis was performed using a Wilcoxon test on paired measurements across the three experimental blocks, 
with **p ≤ 0.01. (G) Ag-specific cytotoxicity of CD8⁺ T cells against Karpas-422 targets. (H) NK-cell-mediated 
cytotoxicity against K562 target cells at different E: T ratios. Data are representative of three independent 
experiments. Statistical significance was assessed by Wilcoxon test, **p ≤ 0.01.
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their effects on the functionality of key human immune cells responsible for mediating innate and adaptive 
immune responses. In this study, we investigated the effects of NPs on human lymphocyte subsets that govern 
both innate and adaptive immunity, evaluating their impact at both phenotypic and functional levels. Our 
results demonstrate impaired immune functions, leading to defective responses to tumor and viral antigens and 
potentially compromising effective antitumor and antiviral immunity.

NPs interact with the immune system through multiple pathways, with peripheral blood representing one of 
the most critical interfaces13. In this study, we first replicated the initial stage of NP entry into the bloodstream, 
where contact with plasma components leads to the formation of a biocorona, a key determinant of subsequent 
interactions with immune cells24. Notably, ox-NPs, which resemble environmentally aged NPs, exhibited altered 
physicochemical properties that, upon biocorona acquisition, promoted surface functionalization and resulted 
in extensive agglomeration25. Consistent with previous reports26, the dynamic changes in size, charge, and 
polydispersity are likely to critically influence NP-immune cell interactions, emphasizing the importance of 
using biologically conditioned NPs when assessing their immunological effects. Importantly, this process is not 
limited to peripheral blood, as NP-exposed immune cells can migrate to other tissues and organs, potentially 

Fig. 8.  Effects of NPs on IgG production in B lymphocytes in response to Spike antigen. (A) Frequency of 
CD19⁺ B-cell conjugates in PBMC cultures from SARS-CoV-2-vaccinated donors, stimulated with Spike or left 
unstimulated (CTR), with or without NP exposure for 72 h. HA stimulation served as a positive control. Data 
are mean %±SE; **p ≤ 0.01. (B) Representative CLSM images of CD19⁺ B cells from CTR or Spike-stimulated 
PBMCs ± NPs, stained for CD19 (red), IgG (green), and nuclei (blue). NP exposure reduces surface IgG in 
Spike-stimulated cells. Scale bars= 10 μm. (C) IgG Mean fluorescence intensity (MFI) in CD19⁺ B cells after 
Spike stimulation, showing increased IgG that is inhibited by NP exposure. Data are shown as MFI ± SE; 
**p ≤ 0.01. (D) TEM analysis of CD19⁺ B cells from CTR or Spike-stimulated PBMCs ± NPs. Spike- and HA-
stimulated cells display plasmacell-like morphology, whereas NP-exposed Spike-stimulated cells show altered 
ultrastructural features. Lower panels show magnified regions; white arrows indicate immunogold labeling for 
IgG. Representative of three independent experiments.
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affecting their function. We therefore assessed NP effects on major human immune populations, examining 
both phenotype and function.

As an initial functional assessment, we show that NP exposure markedly enhances interactions across all 
lymphocyte subsets in PBMCs without cytotoxicity. Notably, for the first time, we demonstrate that NP exposure 
drives CD4⁺ T cells toward a deactivated state, downregulating key activation markers and forming NP-containing 
vacuoles, with IL-2 failing to prevent later suppression of proliferation and interactions, indicating accelerated T 
cell exhaustion27. Similarly, NP exposure modulates human CD8⁺ T cells by enhancing interactions and forming 
highly granular clusters by 72 h, while downregulating activated (CD8⁺CD69⁺CD25⁺, CD8⁺HLA-DR⁺CD38⁺) 
and recently activated cytotoxic (CD8⁺CD69⁺CD137⁺) subsets. With IL-2, early activation and interactions 
are preserved but decline over time, accompanied by increased cytoplasmic granularity. Our data align with 
previous evidence showing that chronic exposure to NPs in mice suppresses CD8⁺ T-cell differentiation, thereby 
impairing the development and function of cytotoxic T cells11. Of interest, NPs also significantly affect NK cells, 
with some effects distinct from those observed in T cells. While NP exposure enhanced NK cell interactions, it 
had limited impact on granularity and did not reduce interactions over time with IL-2. However, NP-exposed 
NK cells showed marked decreases in degranulating IFN-γ⁺CD107a⁺ cells and cytotoxicity against K562 targets, 
indicating substantial functional impairment. Overall, these results demonstrate that NPs can compromise 
highly heterogeneous and plastic lymphocyte populations, including CD4⁺ and CD8⁺ T cells and NK cells, 
critical for antitumor effector responses28. Accordingly, and most importantly, our study demonstrates for the 
first time that NP exposure directly compromises antitumor responses driven by tumor cell antigens.

CD8⁺ T cells stimulated with DCs loaded with cancer cell lysates in the presence of NPs showed a marked 
reduction in IFN-γ⁺CD107a⁺ degranulating populations and a corresponding loss of cytotoxic activity against 
the same cancer cells, indicating suppression of antitumor T cell function. Similarly, CD4⁺ T cells from 
these cultures exhibited downregulation of activated subsets (CD4⁺CD69⁺CD25⁺, CD4⁺CD38⁺HLA-DR⁺, 
CD4⁺CD69⁺CD154⁺), mild suppression of Th1 and Th17, and pronounced inhibition of Th2 cells. NK cell activity 
was also impaired, with fewer IFN-γ⁺CD107a⁺ degranulating cells and reduced lysis of K562 targets. Together, 
these findings reveal that NPs disrupt functional antitumor responses mediated by both T and NK cells, which 
are critical for tumor control and the efficacy of immune-based therapies. Moreover, our study reveals that 
NP exposure directly affects human peripheral B cells. Although survival remained unchanged, NPs increased 
B cell interactions and triggered notable morphological changes, including cellular enlargement, intracellular 
granules and NP-containing vacuoles, indicating active uptake. Remarkably, in SARS-CoV-2-vaccinated 
individuals, NP-exposed B cells exhibited impaired function, with reduced Spike-specific IgG production and 
loss of plasmacytoid features such as irregular nuclei, cytoplasmic extensions and expanded ER and Golgi29, 
revealing NP potential to disrupt antibody production. We hypothesize that NP exposure disrupts Spike antigen-
driven B-cell activation and differentiation into antibody-secreting cells. This impairment may involve reduced 
reprogramming of B cells and defective biogenesis of secretory organelles such as the endoplasmic reticulum 
and Golgi apparatus, which are required for high-level IgG production30. Consequently, NP exposure may 
lead to incomplete plasma cell maturation and decreased Spike-specific IgG output despite antigen exposure, 
ultimately weakening the humoral immune response. These findings are particularly relevant in view of the 
highly efficient and multilayered immune evasion strategies employed by SARS-CoV-2, which promote immune 
dysregulation and delayed adaptive responses through key mechanisms such as antagonizing IFN-I signaling, 
impairing innate immune sensing and modulating antigen presentation pathways31,32. Crucially, multiple SARS-
CoV-2 proteins disrupt host immune regulation, with recent evidence that the original Wuhan strain and its 
spike protein activate the hypoxia-inducible factor 1 (HIF-1) transcriptional complex in infected cells, leading to 
suppression of both helper and cytotoxic T-cell functions and potentially fostering pro-tumorigenic processes in 
affected tissues33. Within this framework of viral immune escape, robust B-cell activation is crucial for protective 
immunity, as conserved spike epitopes have been shown to elicit potent antibodies that neutralize multiple SARS-
CoV-2 variants by destabilizing the virus, thereby providing a basis for broadly effective vaccines and therapies34. 
Our data suggest that NP exposure may further disrupt the finely SARS-CoV-2-tuned immune environment by 
directly impairing B-cell functional reprogramming upon antigen encounter. The observed reduction in Spike-
specific IgG production, together with the loss of secretory plasmacytoid morphology following NP exposure, 
indicates an incomplete antibody-secreting differentiation program, thereby amplifying immune evasion. 
In line with the functional impairment of T, B, and NK cells, our study also demonstrates that NP exposure 
profoundly reshapes the cytokine milieu at both transcriptional and protein levels, establishing a markedly 
immunosuppressive environment35. NP exposure drives a pronounced cytokine shift, characterized mainly by 
suppression of IL-6, TNF-α, IL-17, IL-1β, and IFN-γ, thereby promoting an immunosuppressive Th2-skewed 
environment that dampens the activation of key effector populations36. This coordinated downregulation impairs 
CD8⁺ T-cell cytotoxicity and memory formation, reduces Th1/Th17 responses and B-cell help from CD4⁺ T cells, 
diminishes B-cell antibody production and plasmablast differentiation, and weakens NK-cell cytotoxicity and 
cytokine secretion. Taken together, NP exposure induces transcriptional, phenotypic, and functional alterations 
across multiple human immune cell populations in peripheral blood, consistent with the establishment of a 
markedly immunosuppressive environment in PBMCs that may compromise effective antitumor and antiviral 
immune responses.

Materials and methods
NP preparation
or-NPs (100 nm, PolySciences) were subjected to controlled thermal oxidation by treatment at 80 ◦C for 2 h to 
obtain ox-NPs. This treatment introduces oxygen-containing functional groups on the particle surface, mimicking 
chemical transformations occurring during environmental weathering, including UV-driven photooxidation 
and thermo-oxidative aging. In this research, ox-NPs are used as a simplified proxy of environmentally aged NPs, 
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capturing the critical role of surface oxidation in modulating biological interactions. Ox-NPs were subdivided 
into aliquots, stored at 4 °C until use37. Before incubation with PBMCs, ox-NPs were pre-incubated for 2 h with 
plasma from the same donor from whom PBMCs were to produce Pl-ox-NPs38. This step enables protein corona 
(biocorona) formation via adsorption of plasma proteins onto NP surfaces. Oxidation enhances protein binding, 
leading to altered physicochemical properties, including increased hydrophilicity, modified surface charge, and a 
higher tendency to agglomerate25. Autologous plasma was used to preserve donor-specific protein composition, 
and Pl-ox-NPs were used without further purification to maintain the dynamic corona.

NP measurements
NP morphology was analyzed by TEM after deposition of or-NP and ox-NP suspensions in PBS, as well as Pl-
ox-NPs, onto carbon-coated 400-mesh grids, followed by negative staining with 1% phosphotungstic acid and 
air-drying. Hydrodynamic diameter (Z-average), size distribution, and PDI were determined by DLS using a 
Zetasizer Ultra instrument (Malvern Instruments). Zeta potential of or-NPs, ox-NPs, and Pl-ox-NPs (100 µg/
mL) was measured using electrophoretic light scattering. All measurements were performed in triplicate. Details 
are detailed in the Supplementary Methods.

Cell preparation and culture with NPs
PBMCs were obtained from buffy coats of healthy donors (HDs), as anonymously provided by the 
Immunohematology and Transfusion Center of Policlinico Umberto I, University “La Sapienza,” Rome, Italy. 
Informed consent was obtained from blood donors in accordance with the Declaration of Helsinki, and both 
the informed consent form and procedure were approved by the Ethics Committee of Policlinico Umberto I. All 
methods were performed in accordance with the relevant guidelines and regulations for human experimentation, 
and all procedures complied with the ethical standards of the responsible institutional committee. PBMCs were 
purified as described39. Pl-ox-NPs were added at the concentration of 100 µg/ml to PBMCs cultured in RPMI-
1640 medium for 4 days, with or without the addition of IL-2 (50U/ml, Roche).

DC/PBL co-cultures for antitumor immune response assays and PBMC cultures for IgG 
production
The assay to evaluate CD8 + T cell- and NK-driven antitumor responses was established by co-culturing tumor 
antigen-loaded DCs, specifically IFN-DCs, with autologous PBLs. HLA-A2 expression was assessed in donor 
samples by flow cytometry using anti-HLA-A2-specific monoclonal antibodies (BD Biosciences). The human 
B-cell non-Hodgkin lymphoma Karpas-422 cells (Interlab Cell Line Collection) were cultured in RPMI-1640 
medium (Gibco) supplemented with 20% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 
and 100 µg/mL streptomycin. HLA-A2 expression on Karpas-422 cells was evaluated by flow cytometry using 
anti-HLA-A2 monoclonal antibodies (BD Biosciences). For DC generation, CD14⁺ monocytes were isolated 
by immunomagnetic selection (MACS Cell Isolation Kits; Miltenyi Biotec) and cultured at 2 × 10⁶ cells/mL in 
CellGro DC medium (CellGenix), supplemented with 500 U/mL GM-CSF (Genzyme) and 10,000 U/mL IFN-
α2b (Intron A; Schering-Plough) for 3 days. IFN-DCs were pulsed with Karpas-422 tumor cell lysate, obtained 
as previously reported40, at a 1:2 ratio for 16 h at 37 °C and subsequently co-cultured with autologous PBLs at a 
1:4 ratio. Culture medium was supplemented with recombinant human IL-2 (50 U/mL; Roche) starting on day 
3 of co-culture and replenished every 3 days. On day 7, PBLs were restimulated with frozen aliquots of lysate-
loaded DCs and effector cells were analyzed 7 days later. For the evaluation of NP effects on Spike-driven IgG 
production, PBMCs obtained from SARS-CoV-2–vaccinated donors were plated at a concentration of 2 × 10⁶ 
cells/mL in CellGro medium (CellGenix, USA). Cells were stimulated with recombinant SARS-CoV-2 Spike-
Trimer protein from the original Wuhan-Hu-1 strain (5 µg/mL; Miltenyi Biotec) and tetravalent hemagglutinin 
proteins (HA; influenza A strains HA-H1N1/ H3N2, influenza B strains HA-Victoria/Yamagata; 1 µg/mL; 
Seqiris) cultured for 5–7 days at 37 °C in 5% CO₂, subsequently collected and processed for immunostaining 
prior to CLSM, SEM and TEM analyses.

Confocal laser scanning microscopy (CLSM)
PBMCs were seeded on poly-L-lysine-coated glass slides after different time points of culture with or without NPs. 
For phenotyping, cells were blocked with FcR and stained with antibodies against CD4, CD8, CD19, or CD56, 
followed by secondary antibodies or streptavidin-Alexa Fluor as needed. Cells were then paraformaldehyde 
fixed, Triton X-100 permeabilized, and stained with phalloidin and DAPI for actin and nuclei. IgG in B cells was 
detected with Alexa Fluor-488 goat anti-human IgG after fixation and permeabilization. CLSM was performed 
on a Zeiss LSM980 and images were acquired and processed with Zen 3.3 and Adobe Photoshop. Cell conjugates 
were quantified as CD-positive with actin clustering/total CD-positive ×100. MFI of cell-specific fluorescent 
signals, including IgG, was measured using ImageJ.

Immunolabeling SEM and TEM
For SEM, PBMCs were seeded on poly-L-lysine-coated slides, stained with antibodies against CD4 or 
CD19, followed by secondary antibodies conjugated to gold particles, fixed with glutaraldehyde, OsO₄ post-
fixed, dehydrated through ethanol and HMDS, dried, carbon-coated, and imaged using backscattered (BSE) 
and secondary electrons on a Quanta Inspect F (FEI)41. For TEM, PBMCs were labeled with CD4 or CD19 
antibodies and gold-conjugated secondary antibodies, fixed with glutaraldehyde, paraformaldehyde and CaCl₂ 
in cacodylate buffer, OsO₄ post-fixed, treated with tannic acid and UA-Zero EM stain, dehydrated, embedded in 
Agar 100, and ultrathin sections were imaged using a FEI/Philips EM 208 S TEM42.
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Flow cytometry
Cells were stained with fluorochrome-conjugated mAbs specific for the T cell and monocyte markers (HLA-
DR, CD38, CD3, CD4, CD8, CD25, CD69, PD-1, CD154, CD14, PD-L1, CD45RA, CCR7, CXCR3, CCR4, 
CCR6). Cell acquisition and analysis were performed using a Gallios flow cytometer, with electronic gating on 
CD3⁺CD4⁺ or CD3⁺CD8⁺ T cells and CD14⁺ monocytes to analyse the expression of activation or inhibitory 
membrane markers.

Apoptosis assay
Lymphocyte apoptosis following exposure to NPs, with or without IL-2, was assessed by multiparametric 
flow cytometry after immunophenotyping for CD3, CD4, CD8, CD19 and CD56, using Annexin V(AnnV)/
propidium iodide (PI) staining, with data acquired on a Cytoflex LX cytometer and analysed using CytExpert 
software.

Degranulation assay
PBL degranulation was assessed by co-culture with K562 or Karpas-422 cells, with NK and T lymphocytes 
identified by CD3 and CD56 staining. Flow cytometric analysis was performed to assess CD107a surface 
expression and intracellular IFN-γ in CD3⁻CD56⁺ or CD3⁺CD56⁻ cells.

Cytotoxicity assay
Cytotoxic activity against K562 and Karpas-422 cells was measured using a Calcein-AM release assay, with 
labeled target cells co-cultured with effector cells at varying effector-to-target (104 cells)-ratios (E: T, 0.60:1, 
1.25:1, 2.50:1, 5.00:1, 10.00:1). Fluorescence was measured to calculate percent specific lysis, which is reported 
as mean ± SE.

Realtime qRT-PCR
Total RNA was extracted from cells using the Total RNA Purification PLUS Kit (NORGEN Biotek Corp.) and 
reverse transcribed as described43. qRT-PCR was performed in duplicate by using SensiFAST™SYBR® (Bioline) 
and LightCycler® 480 System (Roche Diagnostics). Values were normalized respect to HPRT gene. Sequences of 
primers used for qPCR are reported in Table S1.

Multiplex immunoassay analysis
Forty-five immune factors were quantified in culture supernatants using Bio-Plex multiplex assays on a Luminex 
platform, combining three Human Luminex panels (LXSAHM-10, LXSAHM-15, and LXSAHM-20). Samples 
were incubated with antibody-conjugated magnetic beads and detected with biotinylated antibodies and 
fluorescent reporters, with acquisition performed on a Bio-Plex X200 reader using Bio-Plex Manager Software 
6.1. Results were expressed as pg/mL, with samples analyzed in replicate, and data are reported as mean ± SD.

Analysis of protein/gene expression
The data obtained from the protein assay and qRT-PCR for the selected proteins and genes, respectively, were 
pre-processed for statistical analysis using RStudio 2024.04.2 + 764 (Posit Team, 2024. RStudio: Integrated 
Development Environment for R. Posit Software, PBC, Boston, MA. URL: http://www.posit.co/). Fold Change 
(FC) for the comparisons of interest were computed using the ‘dplyr’ package. For protein data, the mean of two 
experimental replicates for each donor was calculated before further analysis. Log2-transformed FC (Log2FC) 
values were visualized as heatmaps using the ‘pheatmap’ package. Raw data from qRT-PCR and Bio-Plex assays 
were arranged into matrices with immune factors as columns and experimental conditions as rows. PCA was 
performed in R (v4.4.1) using the prcomp() function, and results were visualized with factoextra biplots of 
conditions and immune factors.

Statistical analysis
Statistical analyses were performed by Wilcoxon signed-rank test unless otherwise indicated. Differences were 
considered statistically significant at p ≤ 0.05(*), p ≤ 0.01(**), p ≤ 0.001(***), p ≤ 0.0001(****). All experiments 
were performed in at least three independent biological replicates, unless otherwise specified in the figure 
legends. Data are presented as mean ± standard error (SE). Where applicable, details of the specific statistical 
tests used for individual datasets are indicated in the corresponding figure legends.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author upon 
request.
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