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Abstract

Uranium is a naturally occurring element found in the environment as a mixture of isotopes with 

differing radioactive properties. Enrichment of mined material results in depleted uranium waste 

with substantially reduced radioactivity but retains the capacity for chemical toxicity. Uranium 

mine and milling waste are dispersed by wind and rain leading to environmental exposures 

through soil, air, and water contamination. Uranium exposure is associated with numerous 

adverse health outcomes in humans, yet there is limited understanding of the effects of depleted 

uranium on the immune system. The purpose of this review is to summarize findings on uranium 

immunotoxicity obtained from cell, rodent and human population studies. We also highlight how 

each model contributes to an understanding of mechanisms that lead to immunotoxicity and 

limitations inherent within each system. Information from population, animal, and laboratory 

studies will be needed to significantly expand our knowledge of the contributions of depleted 

uranium to immune dysregulation, which may then inform prevention or intervention measures for 

exposed communities.
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1. Introduction

Uranium is a naturally occurring element found in the soil that consists of three isotopes: 
238U (99.27%), 235U (0.72%), and 234U (0.0054%) (Agency for Toxic Substance and 

Disease Registry, 2013; US EPA, O, 2018). Natural uranium (NU) is the source material for 

enriched 235U (EU) used in nuclear power generation and for military applications. Depleted 

uranium (DU) is a byproduct of EU production that has both military and civilian uses (US 

EPA, O, 2018). DU and NU are radioactive and mainly emit alpha particle radiation. Alpha 

particles do not penetrate the skin but can exert radiological toxicity if ingested, inhaled, or 

embedded into tissue (Agency for Toxic Substance and Disease Registry, 2013; US EPA, 

O, 2018). NU and DU also display chemical toxicity that is less well characterized than the 

radiation effects.

NU located close to the surface is mined from open pits, which removes the overlying 

rock as well as the rock surrounding the uranium deposit. Deeper deposits are mined from 

underground tunnels. Milling and leaching are procedures to remove uranium from the 

ore. Uranium mining and processing leave behind waste contaminated with elevated levels 

of NU, DU and other metals that can be dispersed by the wind and rain leading to soil, 

air and water contamination (Agency for Toxic Substance and Disease Registry, 2013; 

Ravalli et al., 2022; US EPA, O, 2018; US EPA, R. 09, 2016a; World Health Organization, 

2001). There are many examples of environmental uranium contamination associated with 

mining. High levels of uranium were found in surface sediments downstream of uranium 

mining and milling areas in the Guangdong Provence of China (Liu et al., 2015) and 

in soil samples taken at the old Mortórios uranium mine in central Portugal (Neiva 

et al., 2019). Moreover, distribution of uranium from that mine created hot spots of 

uranium southeast of the mine site speaking to contaminant mobility in the environment. 

Uranium mining in the Western US has left behind ~5000 abandoned uranium mines 

(AUMs) (Lewis et al., 2015; US EPA, R. 09, 2016b) and the United States Environmental 

Protection Agency (EPA) estimates that AUMs have contaminated 40% of the headwaters 

of surface waterways in the West (United States Environmental Protection Agency, 2000). 

Uranium levels as high as 772 μg/L were measured in the Rio Paguate downstream of 

the Jackpile mine on Laguna Pueblo (Blake et al., 2017). The levels of uranium are 

elevated in unregulated water sources on the Navajo Nation with 12.5% of the measured 

sites exceeding the maximum contaminant level (Hoover et al., 2017; Lewis et al., 2017). 

Fifty-two percent of the wells in the Nambe region of northern New Mexico exceeded the 

EPA-recommended drinking water standard for uranium (Hakonson-Hayes et al., 2002). 

A recent study reviewed compliance with EPA-regulated metal standards in community 

water sources including 128,000 records for uranium (Ravalli et al., 2022). The study 

reported that 2.1% of the sources had average uranium concentrations exceeding the EPA 

maximum contaminant limit of 30 μg/L and uranium was detected in 63.1% of the records 

of community water sources (Ravalli et al., 2022). Nolan and Weber estimated uranium in 

excess of the maximum contamination limit across an expansive area (22,375 km) of the 

High Plains (Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South Dakota, Texas, 

and Wyoming) and Central Valley (California) aquifers, potentially exposing 1.9 million 

residents in nearby communities to contaminated groundwater (Nolan and Weber, 2015). 
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These finding demonstrate that uranium contamination of public drinking water is more 

widespread than previously appreciated.

Human environmental exposure to uranium is largely through ingestion of contaminated 

drinking water and food, and inhalation of uranium containing dusts or soil particulates 

(Agency for Toxic Substance and Disease Registry, 2013). DU exposures are also apparent 

in areas of military conflict where DU was used in munitions or embedded DU-containing 

material (Ma et al., 2020). The chronic uranium exposures from living near AUMs or 

associated uranium waste sites raises questions regarding the potential health consequences 

(Brugge and Buchner, 2011; Lewis et al., 2017; Ma et al., 2020). As one example, 

biomonitoring data obtained from the Navajo Birth Cohort Study confirms that median 

levels of urinary uranium are elevated two to three-fold in residents of the Navajo Nation 

when compared to values obtained from the National Health and Nutrition Examination 

Survey (Dashner-Titus et al., 2018; Hoover et al., 2020). Exposure to NU or DU is 

associated with a wide range of adverse health effects including those related to the renal, 

respiratory and cardiovascular systems (Agency for Toxic Substance and Disease Registry, 

2013; Brugge and Buchner, 2011; Lewis et al., 2017). Increased risk of kidney disease, 

diabetes and hypertension was associated with uranium exposure during the mining era and 

with exposures related to unremediated AUMs in Navajo communities (Hund et al., 2015; 

Lewis et al., 2017). Much of the experimental research on uranium has been conducted 

in cells and tissues reflecting possible exposure, accumulation or excretion routes such as 

kidney, liver and lung (Asic et al., 2017; Ma et al., 2020). The impact of uranium exposure 

on the immune system has received less attention.

The purpose of this review is to summarize the reported immunotoxic effects of NU and 

DU on immune cells in vitro, rodent models and human populations with an emphasis 

on the chemical toxicity of uranium. This literature review was conducted by identifying 

peer-reviewed publications through PubMed that assessed the effects of uranium on immune 

cells or functions. Search terms included “uranyl”, “uranium”, “depleted uranium,” or 

“natural uranium” and the following terms “immune or immunotoxicity,” “T-cell,” “B-cell”, 

“macrophages”, “DNA damage”, “genotoxicity”, oxidative stress”, “apoptosis”, “cytokine”, 

“cell + uptake”, “inflammation”, “rat”, “mouse”, “human health”, and “population or 

exposure”. We focused on studies that evaluated the immunotoxicity of a quantified uranium 

exposure either through defined treatment doses, environmental survey or biomonitoring 

protocols including urinary analysis. Papers that focused on radiation toxicity were 

excluded.

2. Effects of uranium on immune cells in vitro

Cell culture models provide an important method to assess the potential molecular 

mechanisms of toxic agents. In vitro studies investigating the effects of uranium have been 

conducted using various immune cells including immortalized or tumor-derived T-cell (e.g. 

Jurkat) and monocytic cell lines (e.g. THP-1) and mixed populations of lymphocytes or 

immune cell subtypes isolated from mice or humans then treated ex vivo. Depending on 

the study, primary cells were isolated from blood, specific immune organs such as thymus 

or spleen, or anatomical sites such as the peritoneal cavity or lung (Fig. 1). The following 
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section will focus largely on results obtained from immortalized cell lines and primary cells 

isolated from blood or immune organs.

2.1. Uptake

There is limited information on uranium uptake into cultured immune cells in vitro. Orona 

and Tasat (2012) visualized uranium using a pyridylazo indicator dye and found permeation 

following ex vivo treatment of rat alveolar macrophage with 100 μM uranyl nitrate (UN) 

for 24 h (Orona and Tasat, 2012). The same staining method detected uptake of uranium 

into the J774 mouse macrophage cell line but not into the MOLT-4 human T-cell line 

or the REH human B-cell line (Kalinich and McClain, 2001; Kalinich, 2011; Kalinich et 

al., 2002). Uranium uptake by J774 macrophages was also detectable after 2 h treatment 

with 100 μM uranyl chloride (UC) (Kalinich et al., 2002). Quantification of uranium by 

inductively coupled plasma mass spectrometry in immortalized T-cells (Jurkats) after 24 h 

exposure to 3 μM and 30 μM uranyl acetate (UA) showed 1.62 and 766.8 parts per billion 

(ppb) uranium per million cells, respectively (Dashner-Titus et al., 2020). The study found 

substantially lower levels of cell-associated uranium in immortalized monocytes (THP-1 

cells) compared to Jurkat cells under the same exposure conditions (Dashner-Titus et al., 

2020). Dose-dependent uranium uptake has been reported for other non-immune cell lines 

(Paredes et al., 2018; Yellowhair et al., 2018), but the mechanisms of cellular uptake 

remain unclear. There is evidence that uranium uptake can occur through an endocytic 

mechanism (Hémadi et al., 2011; Liu et al., 2015; Muller et al., 2008) that may involve 

the iron acquisition pathway (El Hage Chahine et al., 2012; Hémadi et al., 2011) or by 

sodium-dependent phosphate co-transport as reported for kidney cells (Muller et al., 2006, 

2008). However, these proposed mechanisms have not yet been tested in immune cells. 

Further research on the mechanism of uranium uptake may be important for understanding 

cell and tissue type differences in toxicity.

2.2. Cytotoxicity, apoptosis and DNA damage

Several studies tested the cytotoxicity of uranium in immune cells using soluble forms such 

as UA or UN. UA caused a dose-dependent reduction of viability in Ficoll isolated human 

lymphocytes with a calculated half maximal inhibitory concentration (IC50) value of 0.8 mM 

after 6 h of exposure (Soltani et al., 2019). A study using phytohemagglutinin-stimulated 

normal human lymphocytes treated with 128 or 1280 μM UN for 96 h reported 5% and 

50% cell death, respectively (Joseph et al., 2021). Normal human CD4+ T-cells activated 

with CD3/CD28 and exposed to 30 μM UA for 72 h showed no significant cytotoxicity 

when compared to the no-treatment control (Schilz et al., 2020). Similarly, human Jurkat 

and THP-1 cells remained viable following exposure to 100 μM UA for 24 or 48 h (Dashner-

Titus et al., 2020), whereas 24 h treatment of mouse macrophage J774 cells with 100 μM 

UC decreased viability by approximately 30% (Kalinich et al., 2002). The cytotoxicity of 

uranium-containing particulate matter (PM) was tested with particles derived from uranium 

mine waste (Zychowski et al., 2018). Exposures of 1.5 μg/mL for 24 h were cytotoxic to 

THP-1 cells as measured by LDH release, and the magnitude of toxicity increased with 

higher exposure levels (Zychowski et al., 2018).
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Uranium-stimulated apoptosis has been reported in immune cells. Exposure of mouse J774 

macrophages to UC led to dose-dependent annexin V labeling that was significantly elevated 

at the 10 μM dose with maximal response observed at 100 μM UC compared to untreated 

control (Kalinich et al., 2002). Similarly, treatment of rat alveolar macrophages ex vivo with 

25–100 μM UN for 24 h significantly increased the percentage of active caspase 3-positive 

cells versus control (Orona and Tasat, 2012). Under the same conditions, mitochondrial 

metabolic activity was decreased by UN concentrations of ≥100 μM (Orona and Tasat, 

2012). In contrast, ex vivo treatment of rat alveolar macrophages with 100 μM UA for 

3d was not cytotoxic, but significant cell death occurred at higher doses of 500 and 1000 

μM (live fraction <5%). The observed cytotoxicity at the highest concentrations of UN 

was attributed to insoluble forms of uranium (Lizon, 1999). One study compared apoptotic 

response in pooled peritoneal macrophages and CD4+ splenic T-cells isolated from mice 

then treated with UN ex vivo for 24 h (Wan et al., 2006). Annexin V and propidium 

iodide staining was significantly increased in the peritoneal macrophage at UN doses of 

100 and 200 μM, whereas for T-cells the apoptotic response was evident only at 500 μM 

UN with a lower proportion of cells positive for apoptotic markers relative to peritoneal 

macrophages (Wan et al., 2006). Macrophage function as determined by phagocytic index 

was also impaired by UN treatment (Wan et al., 2006). Significant mitochondrial membrane 

potential collapse has been reported in mixed human lymphocytes, but only at UA doses 

of ≥400 μM (Soltani et al., 2019). At 100 μg/mL, uranium-containing particulate matter 

(PM) significantly increased the fraction of THP-1 cells expressing caspase-1 compared 

to background PM and phagocytosis was significantly decreased at lower concentrations 

(Zychowski et al., 2018).

Excess DNA damage contributes to cytotoxicity and apoptosis. An increase in DNA strand 

breaks as measured by single-cell gel electrophoresis (comet assay) was detected after 

exposure of normal human lymphocytes to 250 μM UN for 96 h (Joseph et al., 2021) but 

not in Jurkat cells treated with 100 μM UA for 6 h as detected by phospho-Histone H2A.X 

staining (Dashner-Titus et al., 2020). Enzymatic activity of poly-ADP-ribose polymerase-1 

(PARP-1) is stimulated in response to DNA damage, so increased PARP activity may be 

an indirect indicator of DNA damage (Ray Chaudhuri and Nussenzweig, 2017). Significant 

increases in PARP-1-positive cells were detected in rat alveolar macrophages treated ex vivo 
with 25–100 μM UN for 24 h compared to control (Orona and Tasat, 2012). Primary mouse 

thymus cells exposed ex vivo to 5 or 50 μM UA for 18 h displayed a modest increase in 

PARP-1 activity (Medina et al., 2021).

Based on the limited evidence available, the cytotoxic, apoptotic and DNA damaging effects 

of uranium in immune cells treated in vitro or ex vivo are not generally detected after 

short term exposure to low micro-molar concentrations but may manifest at concentrations 

≥ ~100 μM. The current EPA MCL for uranium is 30 μg/L and uranium levels detected 

in well water in the High Plains (Colorado, Kansas, Nebraska, New Mexico, Oklahoma, 

South Dakota, Texas, and Wyoming) and Central Valley (California) aquifers were as 

high as 89-fold and 180-fold the MCL respectively (Nolan and Weber, 2015). Therefore, 

in vitro treatments of 100 μM are approximately 4-fold greater than the upper range of 

environmental concentrations in the US. Research in other cell types and experimental 

models indicates that DU has cytotoxic and genotoxic potential (Asic et al., 2017; Ma 
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et al., 2020). There is evidence for accumulation of uranium in the nucleus (Guéguen et 

al., 2015; Yellowhair et al., 2018), and DU can cause oxidative DNA damage and DNA 

adducts in cell-free systems without radiation (Miller et al., 2002; Wilson et al., 2014). It 

is interesting to note that cytotoxic and genotoxic effects of UA are more evident in cells 

with certain defined DNA repair deficiencies when compared to parental cells (Coryell 

and Stearns, 2006; Yellowhair et al., 2018). Research also suggests that during V(D)J 

recombination mammalian lymphoid cells generate DNA double-strand breaks and that 

DNA repair deficiencies or mutations in these pathways could alter the development of T 

and B cells (Prochazkova and Loizou, 2016). This suggests that some individuals may be 

more sensitive to uranium based on underlying DNA repair capacity.

2.3. Oxidative stress response

Reactive oxygen species (ROS) is a broad term for derivatives of molecular oxygen that 

are reactive and when in excess may lead to cellular damage (Sies and Jones, 2020). 

Metal-induced oxidative stress can be due to generation of ROS, depletion of the antioxidant 

defense system or by impairing mitochondrial function (Ma et al., 2020). ROS may 

alter cellular redox homeostasis and regulate numerous cellular functions including signal 

transduction and transcriptional response (Reczek and Chandel, 2015; Sies and Jones, 2020).

Oxidative stress is a common cellular response to metal exposure (Valko et al., 2016), and 

uranium-induced ROS has been reported in several experimental cell models (Daraie et 

al., 2012; Garmash et al., 2014; Ma et al., 2020; Periyakaruppan et al., 2007). There is 

limited information on uranium and oxidative stress in immune cells. Soltani et al. (2019) 

demonstrated a time- and dose-dependent increase in ROS production and decrease in 

glutathione levels using Ficoll-isolated human lymphocytes treated with UA (Soltani et al., 

2019). In addition, lipid peroxidation and lysosomal membrane destabilization were evident 

at each UA concentration tested (0.4, 0.8 and 1.6 mM). Orona and Tasat (2012) reported an 

increase in superoxide anion release in rat alveolar macrophages at concentrations as low as 

12.5 μM UN compared to untreated control (Orona and Tasat, 2012). Uranium-containing 

PM enhanced oxidative stress over control PM as measured in THP-1 cells as measured 

by dihydroethidium staining and lipid peroxidation (Zychowski et al., 2018). Thus, there 

is evidence that both soluble and particulate uranium can stimulate an oxidative stress 

response.

Production of ROS stimulates signal transduction leading to gene expression through the 

redox sensitive nuclear factor-erythroid factor 2-related factor 2 (Nrf-2) and the nuclear 

factor kappa B (NF-kB) pathways (He et al., 2020; Lingappan, 2018; Ma, 2013; Sies and 

Jones, 2020). There was no evidence for an increase in Nrf-2 nuclear localization nor 

induction of the Nrf-2 target oxidative stress genes HMOX1 or NQO1 after treatment of 

Jurkat cells with 30 μM UA for up to 24 h (Dashner-Titus et al., 2020). Furthermore, in 

human CD4+ T-cells activated with CD3/CD28 in the presence of 3 or 30 μM UA, there 

were no significantly altered activation-associated genes or changes in HMOX1 and NQO1 
expression (Schilz et al., 2020). Treatment of primary mouse thymus cells ex vivo with 0.5 

and 5 μM UA for 4 h revealed no increase in Hmox1 expression (Medina et al., 2021). These 
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findings suggest that low concentrations of UA are insufficient to stimulate expression of 

these oxidative stress response genes in vitro.

2.4. Cytokines

Uranium-induced cytokine secretion or expression has been evaluated in immune cells in 
vitro. Gene expression analysis by microarray of mouse peritoneal macrophages exposed 

to 100 μM UN for 24 h reported significant alteration of 29/514 genes (Wan et al., 2006). 

Twenty-four genes were up-regulated including Rela (signal transduction), Mdk (cancer 

progression marker) and Il10 (implicated in Th2 shift of T-cell populations). Five genes were 

down-regulated including Ptgs2, Cash and Sdf5 which are all apoptosis-related genes (Wan 

et al., 2006). An increase in tumor necrosis factor alpha (TNFα) secretion was detected 

after 24 h treatment of rat alveolar macrophages with 100 or 200 μM UN (Orona and 

Tasat, 2012). TNFα production in response to UA was tested in rat pulmonary macrophages 

(Gazin et al., 2004). UA promoted a time- and dose-dependent increase in TNFα production. 

TNFα was elevated after 24 h exposure to 50 μM UA and plateaued at the 300 μM dose 

with no changes in interleukin (IL)-1β or IL-10. A significant increase in TNFα production 

over untreated control was evident after 14 h treatment with 100 μM UA and TNFα levels 

continued to increase over a 48 h time period (Gazin et al., 2004). The effects of lower dose 

and longer exposure duration was tested in the rat alveolar macrophage cell line NR8383. 

Treatment of NR8383 cells with 10 μM UA for 5 days increased TNFα production, and the 

response was partially mediated by both p38 mitogen-activated protein kinase and protein 

kinase C (Gazin et al., 2004).

Gene expression in splenic murine CD4+ T-cells exposed to 100 μM UN for 24 h differed 

from peritoneal macrophages isolated from the same animals (Wan et al., 2006). In the 

T-cells, only 14/514 genes were significantly altered as detected by microarray. Four genes 

including Il5 (Th2 type cytokine) and Mdk (cancer progression marker) were up-regulated 

and ten genes including Cmkbr4 and Scyd1 (chemokine related genes) and Lif (cytokine 

and receptor related gene) were down-regulated (Wan et al., 2006). Treatment of human 

CD4+ T-cells activated in the presence of 30 μM UA revealed no significant changes in gene 

expression as determined by RNA sequencing when compared to activation alone (Schilz et 

al., 2020).

The findings regarding uranium’s stimulation of ROS, ROS signaling pathways, and changes 

in cytokine production or gene expression in rodent or human immune cells are mixed. 

Differences in dose, form of uranium (soluble form or particulate) and cell species source 

may account for some discordant findings such as those detected for gene expression 

changes in mouse versus human CD4+ T-cells (Schilz et al., 2020; Wan et al., 2006). In 
vitro evidence in other cell types and in vivo tissue studies indicate uranium induces ROS, 

signaling and gene expression (Daraie et al., 2012; Linares et al., 2007; Lu et al., 2021; 

Shaki et al., 2013; Yi et al., 2019; Yue et al., 2018). Additional studies will be required to 

delineate the effects of uranium exposure more clearly on mixed and defined immune cell 

types.
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3. Uranium exposure and immune effects in rodent models

Animal models are often used to gain insights into the potential consequences of human 

exposure to various metals beyond what can be elucidated from in vitro cellular systems. In 

contrast to other toxic environmental metals such as arsenic, there are relatively few studies 

reporting the immune effects of in vivo uranium exposures in rodent models. In this section, 

we will review and summarize findings on uranium distribution to immune tissues and the 

impact of uranium exposure on immunologic endpoints.

3.1. Uranium distribution to immune organs

Distribution of uranium to immune tissues has been reported following chronic uranium 

exposure in mice (Bolt et al., 2018; Hao et al., 2013). A dose-dependent accumulation of 

uranium in spleen and thymus was noted in Kunming mice after 4 months of exposure to 

UN in food (3, 30 and 300 mg/kg feed). At each dose, the levels of uranium in spleen 

and thymus were increased significantly above the no-treatment control. At the highest 

dose of 300 mg/kg in feed, the uranium concentration in spleen and thymus was elevated 

but approximately 10-fold lower than detected in bone and kidney (Hao et al., 2013). 

Measurements in other immune organs were not reported (Hao et al., 2013). A more recent 

study by Bolt et al. (2018) evaluated the tissue distribution of uranium in blood, bone 

marrow, spleen, and thymus and compared the values to those obtained in femur, kidney, 

and liver tissue. Male and female mice were exposed to UA in drinking water for 60 days at 

concentrations of 5 and 50 ppm (ppm) (Bolt et al., 2018). In contrast to the results reported 

by Hao et al., there was no significant accumulation of uranium in the spleen or thymus at 

either dose. However, uranium was detected in the blood and bone marrow above control 

levels at the 50-ppm dose (0.6 and 16.8 ng/g, respectively) in male mice only. Greater 

than 80% of uranium accumulation was in bone and kidney with some differences evident 

between sexes (Bolt et al., 2018). Though the majority of uranium uptake was observed 

in bone and kidney, both studies demonstrate detectable levels of uranium in immune cell 

organs that might account for alterations in immune cells as described in Fig. 2.

3.2. Impact of uranium exposure on immune cell function

The impact of DU on immune cell function in vivo has been investigated. An early 

study found that intraperitoneal injection of UN at doses between 0.1 and 3 mg/kg in 

Sprague-Dawley rats induced a blastogenic effect in peripheral blood lymphocytes (Berke 

and Palazzolo, 1974). The effect was dose-dependent, rapid (evident within 24 h) and 

peaked approximately seven days after exposure (Berke and Palazzolo, 1974). Subsequent 

studies characterized proliferative response. Opposing findings were observed for B- or T- 

lymphocytes isolated from the spleens of mice chronically exposed to UN in feed (Hao et 

al., 2013). A dose-dependent increase in proliferation index was detected in splenic B-cells 

stimulated with lipopolysaccharide, whereas the T-cell proliferation index after stimulation 

with concanavalin A was decreased (Hao et al., 2013). In contrast, at lower dose exposures 

of 5 and 50 ppm UA in drinking water for 60 days, there were no significant differences 

in mitogen-induced proliferation of B- or T-cells in either male or female mice (Bolt et al., 

2019). These doses of UA did not alter either the number or viability of cells isolated from 

spleen or thymus or the total or differential (lymphocyte, monocyte, or neutrophil) white 
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blood cell counts. The authors concluded that exposure to 50 ppm UA did not lead to overt 

cytotoxicity of immune cells (Bolt et al., 2019). Similarly, male Sprague-Dawley rats treated 

with up to 120 mg/L UN in drinking water for 9 months displayed no significant differences 

in circulating white blood cells, lymphocytes, granulocytes, or monocytes or bone marrow 

progenitor frequencies as measured by burst-forming units erythroid and colony-forming 

units-granulocyte macrophages (Bolt et al., 2019; Dublineau et al., 2014).

Hao et al. reported changes in multiple markers of immune cell function following chronic 

dietary exposures to UN in male mice (Hao et al., 2013). Several measures of innate immune 

function were decreased in mice exposed to the highest dose of UN (300 mg/kg in feed) 

for 4 months including decreased secretion of nitric oxide, IL-1β, IL-18 and TNF-α in 

peritoneal macrophages and reduced cytotoxic activity of natural killer cells isolated from 

the spleen (Hao et al., 2013). There were also disruptions in humoral and cellular immune 

functions. These included an increase in total serum immunoglobulin levels with changes 

evident for IgG and IgE, changes in CD3+ positive cells, a decrease in the CD4+/CD8+ 

ratio, and a decrease in delayed-type hypersensitivity response to sheep red blood cells (Hao 

et al., 2013). Notably, these broad effects of UN on the immune system were not evident or 

minimal at the lower doses of 3 mg/kg or 30 mg/kg in feed. The minimal effect of uranium 

at lower doses was confirmed by Bolt et al. (2019), where exposure to 5 or 50 ppm UA in 

drinking water for 60d had no detectable impact on T-dependent antibody response to sheep 

red blood cells; cytokine measurements were not reported in this study (Bolt et al., 2019).

DU toxicity has been detected following inhalation exposures. Aspiration of dissolved 

UA (0.22 μmole) in mice led to an increase in neutrophils, but not macrophages, in 

the bronchoalveolar lavage fluid 24 h after exposure (Zychowski et al., 2018). In this 

exposure paradigm, UA increased multiple cytokines in the bronchoalveolar lavage fluid 

including IL-1β and TNFα (Zychowski et al., 2018) which were decreased in peritoneal 

macrophages following chronic oral exposure in feed (Hao et al., 2013). Inhalation of DU 

as uranium dioxide caused DNA strand breaks and an increase in inflammatory cytokines 

including TNFα in a predominantly alveolar macrophage cell population derived from 

bronchoalveolar fluid (Monleau et al., 2006). These findings indicate that ingestion and 

respiratory routes of exposure both evoke responses in immune cells.

3.3. Effects of uranium on immune cells in the gastrointestinal tract

There is evidence that uranium exposure promotes expression of inflammatory cytokines 

in tissues along exposure routes such as the lung and the gastrointestinal tract (Dublineau 

et al., 2006, 2007; Medina et al., 2020; Monleau et al., 2006; Zychowski et al., 2018). 

The intestine is of particular interest because uranium uptake occurs largely through 

the small intestine following oral exposure (Dublineau et al., 2005). Gut-associated 

lymphoid structures called Peyer’s patches were found to be a preferential site of uranium 

accumulation in the gastrointestinal tract (Dublineau et al., 2006). Exposure of Sprague-

Dawley rats to 40 mg/L UN in water for 3 to 9 months revealed accumulation of uranium 

in Peyer’s patches relative to the intestinal epithelium (Dublineau et al., 2006). Cytokine 

expression was unchanged in Peyer’s patches following uranium exposure; however, several 

measures of inflammatory response were modified in the ileum (Dublineau et al., 2006, 
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2007). There was a decrease in macrophage density and an increase in neutrophils in 

addition to elevation of cyclooxygenase-2, IL-1β and IL-10 expression (Dublineau et 

al., 2007). Uranium also inhibited the nitric oxide pathway after long-term exposure (6 

months). The authors speculated that chronic uranium exposure may contribute to increased 

hypersensitivity or decreased defense against pathogens (Dublineau et al., 2007).

More recent work investigated the effects of uranium exposure on intraepithelial and innate 

immune cells in the small intestine of mice (Medina et al., 2020). Male and female mice 

were exposed to UA in drinking water at 5 and 50 ppm for 45 or 60 days. In contrast to the 

minimal effects of uranium on splenic immune cells (Bolt et al., 2019), uranium exposure 

led to a significant dose-dependent suppression of CD4− intraepithelial lymphocyte subsets 

(TCRαβ+ and TCRγδ+) in the small intestine of male, but not female, mice (Medina et al., 

2020).

Overall, the findings indicate that uranium exposure may alter immune cell functions (Fig. 

2) although differences in study design in terms of mouse strain or rodent species, the 

form of uranium, exposure route, and exposure duration make it difficult to draw firm 

conclusions. Uranium dose appears to be a significant determinant of response (Fig. 2). At 

the high dose of 300 mg/kg in feed, multiple markers of altered immune function were 

detected (Hao et al., 2013). These changes were not detected at lower doses employed in 

multiple independent studies (Bolt et al., 2019; Dublineau et al., 2014; Hao et al., 2013). 

Interestingly, there is evidence to suggest that disruption of immune function may be more 

pronounced and evident with lower doses at anatomical sites of uranium absorption such 

as the GI tract or lung than evident at other sites. Future studies on the immune regulatory 

effects of uranium beyond the classical immune organs and tissues may be necessary to gain 

a more complete picture of uranium immunotoxicity.

4. Evidence for uranium immunotoxicity in human populations

Human exposures to uranium in the environment occur through water, food, dust and 

soil. The magnitude of exposure varies based on local geology and proximity to uranium 

mining, processing, or manufacturing facilities (Agency for Toxic Substance and Disease 

Registry, 2013; Bjørklund et al., 2017). The human health effects of DU exposure have 

been reported (Asic et al., 2017; Brugge and Buchner, 2011; Faa et al., 2018) including the 

consequences of exposures due to military uses of DU (Institute of Medicine, 2008; National 

Research Council, 2008). However, the effects of uranium on the immune system remain an 

understudied topic.

Biomarkers of uranium immunotoxicity commonly measured in population studies 

include DNA damage in cells isolated from blood, immune cell genotoxicity, immune 

cell phenotyping and levels of circulating cytokines (Fig. 3). The consequences of 

immunotoxicity may be evident through changes in immune-driven functions such 

as hypersensitivity, chronic inflammation, immune suppression or stimulation, and 

autoimmunity. We discuss evidence for immune dysregulation in association with uranium 

exposures in the following sections.
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4.1. DNA damage and genotoxicity

Evidence for DNA damage, cytogenic aberrations, mutations, and defects in DNA repair 

has been reported in miners and residents living in proximity to uranium mine waste sites 

(Au et al., 1995, 1998; Lourenço et al., 2013). Gender- and age-matched nonsmokers 

living away from, or in proximity to, uranium mining activities in Texas were tested for 

chromosomal aberrations (Au et al., 1995). The exposed group had an increased frequency 

of abnormal lymphocytes and chromosomal deletions compared to the control group that 

neared statistical significance (Au et al., 1995). After cells were exposed to ionizing 

radiation, ex vivo DNA damage was significantly elevated in cells isolated from participant 

blood samples in the exposure group compared to controls. This finding was viewed as 

evidence of reduced DNA repair capacity in the exposed population (Au et al., 1995, 

1998). Another community study was conducted in individuals living near a deactivated 

uranium mine in Cunha Baixa, Portugal, and a control site (Lourenço et al., 2013). A 

significant increase in DNA strand breaks was reported in peripheral blood samples from 

the exposed group as detected by single-cell gel electrophoresis (comet assay). Elevated 

uranium in whole blood was confirmed in the samples from Cunha Baixa village when 

compared to the unexposed group (Lourenço et al., 2013). Additional evidence for the 

genotoxic potential of uranium is based on an increase in chromosomal aberrations in 

subjects from an area with likely DU exposure in Boznia and Herzegovina compared to 

control populations (Ibrulj et al., 2007). These findings from three exposed communities 

are similar to those reported for East German former uranium miners (Popp et al., 2000). 

DNA damage measured in blood lymphocytes by comet assay was elevated in former 

uranium miners compared to the control group, but the results did not achieve statistical 

significance. However, chromosomal aberrations were significantly increased in the uranium 

miners without measurable differences in lymphocyte micronuclei (Popp et al., 2000). In 

contrast, a study to measure genotoxicity due to exposure to uranium and radon in areas 

of Brazil with high NU content found no evidence of increased micronuclei, chromosomal 

aberrations, or DNA damage by comet assays in individuals from the three study areas 

compared to a control population (Guimãraes et al., 2010). One limitation of the population 

studies is that it is difficult to make direct comparisons due to different methods used for 

estimating uranium exposure.

A limited number of studies have investigated mutational frequencies or specific mutational 

events as a measure of genotoxicity. Blood samples from individuals living near the 

Fernald uranium processing site and a control group were tested for mutations. There 

were no significant differences in somatic gene mutations in T-lymphocytes using the 

hypoxanthine phosphoribosyl transferase assays nor two other assays related to mutational 

outcomes (Wones et al., 1995). Fluorescence in situ hybridization analysis did not detect 

BCL2 translocation or MYC gene amplification in a Brazilian population exposed to NU 

(Guimarães et al., 2010). More recent studies analyzed the mutation spectrum or mutational 

frequencies of the HPRT gene in circulating T-cells from Gulf War veterans and found 

no significant differences based on their DU exposures (Albertini et al., 2015; Nicklas et 

al., 2019). Similarly, there were no consistent correlations in phosphatidylinositol glycan 

biosynthesis class A protein mutations based on uranium dose in Gulf War veterans (Nicklas 
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et al., 2019). More research is needed to resolve the mutational potential of DU in immune 

cells and tissues.

Activation of the DNA damage response by genotoxic or environmental agents upregulates 

DNA repair mechanisms through release of numerous signaling molecules including 

damage sensors, transducer kinases and other effector molecules that interface closely 

with both the innate and adaptive arms of the immune system (Manolakou et al., 2021; 

Nastasi et al., 2020; Ye et al., 2021). DNA damage has been shown to promote type 

1 interferon expression via the DNA sensor STING (Stimulator of interferon genes) 

(Härtlova et al., 2015). Upregulation of type 1 IFNs regulate both magnitude and quality 

of immune responses, with chronic upregulation of expression potentially leading to 

chronic inflammation and autoimmune outcomes (Gough et al., 2012). Production of other 

cytokines, such as IL-6, TNF-α, and IFN-γ have also been associated with activation of 

DNA damage response (Rodier et al., 2009; Shabrish and Mittra, 2021). These cytokines 

are secreted by a wide range of cell types, including T and B lymphocytes which have been 

shown to be highly sensitive to exogenously induced DNA damage (Heylmann et al., 2021). 

Thus, the molecular interactions between DNA damage and immune regulation provide a 

plausible link between uranium exposures, DNA damage and immune modulation in human 

populations.

4.2. Effects of uranium exposure on biomarkers of immune cell function

Changes in immune cell numbers and phenotypes have been reported as evidence for the 

immune modulatory effects of uranium exposure. In a population living near the Fernald, 

Ohio uranium processing facility, uranium exposure was associated with decreased white 

blood cell and lymphocyte counts and increased eosinophil counts (Wagner et al., 2010). 

Numerous differences in immune phenotypes were predominantly detected in younger 

individuals (<40 years old) in a population living near a deactivated uranium mine in Cunha 

Baixa, Portugal (Lourenço et al., 2013). The changes included increased plasmablast counts, 

decreased T lymphocytes (including CD4+ and CD8- T-cells), and decreased NK cells in 

men and women in the younger age group. In males over 60 years of age there was a 

significant decrease in the percentage of immature B cells (Lourenço et al., 2013). Changes 

in lymphocyte proportions were reported in a community study of individuals living in 

proximity to AUMs in Tajikistan. Exposed individuals had a decreased percentage of T 

lymphocytes with reduced T-helper cells and significantly increased cytotoxic lymphocytes 

in the exposed versus unexposed group (Dustov et al., 2013).

Serum cytokine and chemokine levels are often measured in population studies to detect 

immune alterations. Increased uranium exposure was associated significantly with decreased 

levels of CXCL11 and CXCL16 and increased levels of CCL7, CXCL6, IFNγ, IL1β, and 

MCP1/CCL2 in a group of women living in proximity to uranium mine waste in Fernald 

Ohio, when compared to the control group (Greene et al., 2019). The authors concluded that 

uranium exposure significantly alters inflammation. These findings are supported by a study 

of uranium miners categorized into low versus high exposure based on number of years 

of below-ground work activity in which numerous cytokines, including some associated 

with inflammatory response, were up-regulated. These included significant elevations of 
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IL1α, IL1RI, IL-15, IL-3 and IL-10 concentrations and slight elevations of IFNγ, IL-10, 

IL-6 and TNFα (Li et al., 2014). Harmon et al. (2017) reported increased inflammatory 

potential of serum collected from residents of the Navajo Nation that was associated with 

living in proximity to AUMs (Harmon et al., 2017). The inflammatory potential analysis 

reflects the net effect of pro- and anti-inflammatory mediators in serum. Taken together, the 

findings in human population studies suggest that exposure to uranium can alter immune 

cell phenotypes and cytokine production, potentially leading to immune dysregulation and 

inflammation.

4.3. Uranium and autoimmunity

There is a growing recognition that environmental factors contribute to the development of 

autoimmunity and/or facilitate the progression of autoimmune diseases (AIDs) (Miller et al., 

2012; Parks et al., 2014, 2017; Pestka et al., 2021; Pollard et al., 2018; Roberts and Erdei, 

2020). Chronic inflammation related to certain xenobiotics and environmental exposures is 

believed to provide the underpinnings of autoimmunity in susceptible individuals (Duan et 

al., 2019; Pollard et al., 2021). Environmental exposures have been proposed to promote 

molecular changes associated with the appearance of autoimmune biomarkers in humans 

(Pollard et al., 2021; Vojdani et al., 2014). Greater than 80 distinct AIDs have been defined 

and include an array of clinical conditions such as systemic lupus erythematosus (SLE), 

rheumatoid arthritis (RA), type 1 diabetes, multiple sclerosis, and a host of other diseases 

(U.S. National Institution of Health, 2005, 2014).

Evidence for potential involvement of uranium exposure to the development of AIDs was 

provided in a study of uranium miners (Conrad et al., 1996). Uranium miners had greater 

risk of developing systemic sclerosis and systemic lupus erythematosus (SLE) than the 

control population. A number of autoantibodies typical of SSc or SLE were higher in miners 

than the control population and associated with exposure (Conrad and Mehlhorn, 2000). 

The pattern of autoantibody production between idiopathic SLE/SSc versus those of the 

miners suggest that environmental factors contributed to autoimmune disease (Conrad and 

Mehlhorn, 2000). One potential caveat is that the miners were also exposed to silica, so 

the specific contribution of uranium to the elevated autoantibodies cannot be ascertained. 

An epidemiological and medical monitoring study of individuals living in proximity to the 

Fernald, Ohio uranium processing and enrichment facility indicated a relationship between 

the prevalence of SLE as defined by diagnostic criteria and higher uranium exposure (Lu-

Fritts et al., 2014). Interestingly, there was no increase in rheumatoid arthritis, another 

common autoimmune disorder (Lu-Fritts et al., 2014).

Detection of anti-nuclear antibodies and specific autoantibodies can serve as biomarkers 

of autoimmune activity that may precede clinical diagnosis of AID by many years, 

even decades (Arbuckle et al., 2003; Pérez et al., 2018). Erdei et al. (2019) measured 

specific autoantibodies in Navajo Nation residents living in proximity to AUMs and 

mine waste or milling sites. Measurement of specific autoantibodies helps to distinguish 

between environmentally induced (denatured DNA and histone-specific) and idiopathic 

(native DNA and chromatin-specific) autoimmunity. In this population, the presence of 

serum autoantibodies to denatured DNA, native DNA and/or chromatin was associated 
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with participants’ proximity to the uranium mine waste sites (Erdei et al., 2019). These 

autoantibodies were additionally linked to uranium consumption through drinking water for 

both men and women (Erdei et al., 2019). Five metals were measured in water sources, 

and only annual uranium consumption was predictive of autoantibodies (anti-native DNA 

and anti-chromatin-specific antibodies) commonly detected in SLE patients and identified 

in another uranium exposed population (Lu-Fritts et al., 2014). A smaller study of young 

and healthy Navajo and Nicaraguan men (mean age 29 years) found low overall prevalence 

of ANA positivity. This is in accordance with younger age and possible shorter exposure 

duration; however, a non-significant trend of association with higher tertiles of uranium 

exposure was observed (Scammell et al., 2020). Overall, the current evidence suggests that 

occupational and community level uranium exposures may contribute to generation of serum 

autoantibodies and perhaps development of AIDs.

5. Perspectives

When viewed in the aggregate, research findings support the conclusion that uranium 

exposure affects immune cells in a manner that may cause immune dysregulation with 

consequences for human health. It is also evident that no single model is sufficient to address 

the complexity of uranium immunotoxicity.

Cell-based studies measuring responses of specific immune cell types to DU and NU 

provide opportunities for mechanistic insights and define cellular targets. Although 

cytotoxicity is often measured, a greater focus on non-cytotoxic doses of uranium may 

reveal more subtle, yet meaningful effects. As noted by Yue et al. (2018), a non-cytotoxic 

exposure to DU may damage or alter immune functions by modulating gene expression or 

impinging on signal transduction mechanisms (Yue et al., 2018). This is predicted based on 

in vitro studies that revealed UA binding to multiple proteins including signaling proteins 

and DNA binding transcription factors (Dedieu et al., 2009; Hartsock et al., 2007). Fig. 

1 summarizes evidence that certain forms and concentrations of uranium elicit changes in 

immune cells; however, an in vitro system is not sufficient to capture immune cell responses 

due to cell:cell interactions or factors released by other cells or tissues after uranium 

exposure. For example, activation and/or dysregulation of the DNA-damage response, 

accumulation of unrepaired DNA damage, or extracellular DNA increases inflammatory 

responses and has been associated with autoimmune diseases such as SLE (Duvvuri and 

Lood, 2019; Lou and Pickering, 2018; Nagata et al., 2010; Nastasi et al., 2020; Uchihara et 

al., 2021).

The studies conducted on DU immunotoxicity in rodent models provide evidence for 

uranium accumulation in immune tissues and at higher doses, changes in multiple aspects 

of immune cell function (Fig. 2). The substantial differences in uranium absorption between 

mammalian species make it difficult to directly extrapolate findings obtained in animal 

models to humans (Konietzka, 2015; Leggett and Harrison, 1995). The percent absorption of 

uranium from drinking water for mice and rats is 0.06 to 0.07% compared to estimates 

for humans of 0.2 to 2.1%. Higher uranium absorption values of 5.6–6.5% (male vs. 

female respectively) were reported when uranium was ingested with food. Despite many 

differences between studies in dose and route of exposure, the evidence indicates that 
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uranium absorption in humans substantially exceeds that of rodents and significant adverse 

human impact may occur at lower exposures than defined in experimental studies in mice or 

rats.

Many of the findings obtained in immune cells obtained from human subjects overlap 

with observations in cell or animal studies (Fig. 3). Altered cytokine expression and 

DNA damage have been reported in isolated immune cells, animal models and in human 

populations, whereas changes in cell counts and phenotypes are reported in animal studies 

and human populations. Population studies provide evidence for adverse effects of uranium 

on the immune system, but many studies of environmental uranium exposures are hampered 

by small sample size (<100 exposed individuals) and different methods for estimating 

exposure. This points to the critical need for expanded population-based studies and 

longitudinal follow-up for accurate exposure assessment.

Another important consideration when comparing results obtained between different models 

is the chemical form of uranium and route(s) of exposure. Studies in mice or rats typically 

use oral exposures through water or food while humans are exposed through multiple, 

simultaneous routes including ingestion of food and water and inhalation of contaminated 

dusts or particulates. Evidence for changes in cytokines, inflammatory markers, or immune 

cells in anatomical sites of exposure such as gut and lung merit further study based on 

potential relevance to human toxicity (Dublineau et al., 2006, 2007; Medina et al., 2020; 

Monleau et al., 2006; Zychowski et al., 2018).

Although controlled exposures of specific forms of uranium are an important aspect of 

experimental studies, human populations experience co-exposures to other metals and 

toxicants in the environment that may complicate interpretation of findings or comparisons 

with experimental models. Many metals share mechanistic properties of oxidative stress 

and redox sensitive signaling that could converge or interact upon these pathways in metal 

mixtures. As one example of unexpected interaction, UA did not significantly alter activation 

associated gene expression in CD4+ human T-cells, but the mixture of UA with sodium 

arsenite modified the effect relative to sodium arsenite alone (Schilz et al., 2020). A greater 

understanding of the contributions of uranium to immune toxicity within metal mixtures is a 

high priority for future research.

The significant gaps in knowledge in the cellular and molecular mechanisms that lead 

to uranium immunotoxicity will require cell-based, animal model and population study 

approaches to resolve. There is an urgent need to better characterize and understand how 

low, but likely cumulative, community-level legacy uranium exposures affect human health. 

This knowledge would significantly improve our understanding of uranium immunotoxicity 

and provide an essential foundation for successful identification of preventative measures or 

community interventions.
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AID autoimmune disease
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EPA Environmental Protection Agency

IL interleukin
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PM particulate matter
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Fig. 1. 
Summary of results from in vitro studies. The first column lists the most commonly used 

soluble uranium forms. The second column lists the species of origin and target immune 

cells used for the in vitro studies. The third column summarizes results from the in vitro 
treatments. The fourth column contains the corresponding results references. Squares under 

the stated effect correspond to the target immune cells displaying the response (purple = 

macrophages; blue = T-cells; pink = monocytes; orange = human mixed lymphocytes).
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Fig. 2. 
Summary of in vivo tissue distribution and immune cell function alterations by dose and 

model species. Grey and colored boxes create quadrants where red indicates exposure 

to higher uranium doses and blue indicates exposure to lower uranium doses. Column 

one lists tissues where uranium accumulation was detected in the corresponding species. 

Accumulation of uranium in immune tissues has been reported by Bolt et al., 2018 and Hao 

et al., 2013. Column two lists the changes in immune cell function that were measured with 

either higher (red quadrant) or lower (blue quadrant) doses in the corresponding species 

(references listed below each immune cell function).
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Fig. 3. 
Summary of molecular changes observed in target immune cells due to uranium exposure 

and potential health outcomes. Column one lists target immune cell categories including 

lymphocytes (T-cells, B-cells, and natural killer cells), leukocytes (all white blood cells) 

and peripheral blood mononuclear cells or PBMCs (T-cells, B-cells, natural killer cells and 

dendritic cells). Column two summarizes the effects reported for the target immune cells 

(references listed below each reported immune cell effect). Column three lists potential 

health outcomes that may arise due to reported effects on target immune cells.
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