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A B S T R A C T   

Background: Phthalate exposure has been associated with immune-related diseases such as asthma and allergies, 
but there is limited knowledge on mechanisms, effect biomarkers and thus biological support of causality. 
Objectives: To investigate associations between exposure to the phthalates DEHP (di(2-ethylhexyl) phthalate) and 
DiNP (diisononyl phthalate) and functional immune cell profiles. 
Methods: Peripheral blood mononuclear cells (PBMCs) from 32 healthy adult Norwegian participants in the 
EuroMix biomonitoring study were selected based on high or low (n = 16) levels of urine metabolites of DEHP 
and DiNP. High-dimensional immune cell profiling including phenotyping and functional markers was performed 
by mass cytometry (CyTOF) using two broad antibody panels after PMA/ionomycin-stimulation. The CITRUS 
algorithm with unsupervised clustering was used to identify group differences in cell subsets and expression of 
functional markers, verified by manual gating. 
Results: The group of participants with high phthalate exposure had a higher proportion of some particular innate 
immune cells, including CD11c positive NK-cell and intermediate monocyte subpopulations. The percentage of 
IFNγ TNFα double positive NK cells and CD11b expression in other NK cell subsets were higher in the high 
exposure group. Among adaptive immune cells, however, the percentage of IL-6 and TNFα expressing naïve B cell 
subpopulations and the percentage of particular naïve cytotoxic T cell populations were lower in the high 
exposure group. 
Discussion: Cell subset percentages and expression of functional markers suggest that DEHP and DiNP phthalate 
exposure may stimulate subsets of innate immune cells and suppress adaptive immune cell subsets. By revealing 
significant immunological differences even in small groups, this study illustrates the promise of the broad and 
deep information obtained by high-dimensional single cell analyses of human samples to answer toxicological 
questions regarding health effects of environmental exposures.   

1. Introduction 

The immune system is a fine-tuned and complex system, and dysre-
gulation plays a fundamental role in a variety of diseases and conditions, 
including several non-communicable diseases (NCDs; (Davis et al., 
2017)). Environmental pollution, such as synthetic and natural chem-
icals, have been shown to affect the development of immune diseases 
(Hessel et al., 2015; Kravchenko et al., 2015). However, immunotox-
icological endpoints reflecting immune functions have only recently and 

to a limited extent been considered in regulatory risk assessments of 
chemicals. Identification of causal relationships as well as appropriate 
biological assays and biomarkers of effect to assess adverse effects on the 
immune system is in high demand. Such knowledge is required to 
motivate development and implementation of effective policies for 
reduced chemical exposure, and a subsequent reversion of the present 
increases in disease incidence and socioeconomic costs (EFSA CEF Panel 
(EFSA Panel on Food Contact Materials et al., 2019). 

Phthalates are a group of chemicals commonly used as plasticizers, 
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lubricants, and solvents in a variety of consumer products, such as food 
contact materials, building materials, cosmetics and toys (Luo et al., 
2018; Wittassek et al., 2011). Due to their common use and wide range 
of applications, phthalates are ubiquitous environmental chemicals. 
Consequently, phthalate metabolites are present in all or most analyzed 
urine samples, this is especially evident for high molecular weight 
(HMW) phthalates that are present in higher levels (Husoy et al., 2019; 
U.S. Department of Health and Human Services, 2019). The urinary 
phthalate levels reflect the total phthalate exposure through ingestion, 
inhalation and dermal absorption, but for most HMW phthalates diet is 
considered to be the primary exposure route (Wittassek et al., 2011). 

Human exposure to phthalates has been associated with immune 
diseases such as asthma and allergies (Agier et al., 2019; Bølling et al., 
2020; Wu et al., 2020). The underlying cellular and molecular mecha-
nisms are still not identified and effect biomarkers for phthalates in 
humans are limited (Baken et al., 2019; Bolling et al., 2013). Experi-
mental studies provide support for immunological effects of phthalates. 
In mice, airway and oral exposure to di(2-ethylhexyl) phthalate (DEHP) 
results in airway inflammation or adjuvant effects indicative of sensiti-
zation, possibly due to a shift towards Th2 and Th17 responses and an 
expansion of follicular T helper cells (Tfh) (Alfardan et al., 2018; Guo 
et al., 2012; Han et al., 2014). Immunosuppressive effects of phthalates 
have also been reported, in terms of decreased phagocytic activity and 
inflammatory mediator release from macrophages, while increased 
release of Th2 mediators was reported from lymphocytes (Bølling et al., 
2020). 

The limited knowledge about mechanistic pathways and biomarkers 
of effect for phthalate exposure, which can also strengthen causality 
links, may be explained by the historical lack of methods to resolve the 
great complexity of the human immune system. Technological ad-
vancements now provide opportunities of single cell mass cytometry 
using CyTOF (Cytometry by Time Of Flight mass spectrometry), which 
permits simultaneous use of 40–50 metal isotope-tagged antibody 
specificities in a single tube (Bandura et al., 2009). Such high numbers 
of antibodies can detect cell surface markers defining cell subtypes and 
their activation status, and simultaneously also functional markers like 
intracellular cytokines, signaling pathways, activation and proliferation. 
Combined with unsupervised computational algorithms, mass cytom-
etry data may discover cell profiles or subpopulations associated with 
exposure or disease. This approach is particularly powerful in identify-
ing new cell subsets or combination of characteristics/markers that are 
easily overlooked in traditional (supervised) analyses (Amir el et al., 
2013; Bendall et al., 2012, 2014; Vendrame et al., 2017). 

The aim of the present exploratory study was to identify functional 
immune cell profiles, e.g. cell subpopulations or functional character-
istics, associated with phthalate exposure. By combining the powerful 
CyTOF technology with peripheral mononuclear cell (PBMC) samples 
from participants in the well-characterized biomonitoring study within 
the EuroMix project, we performed immune cell profiling on selected 
participants with the highest and lowest urinary levels of the two 
phthalates DEHP and diisononyl phthalate (DiNP). These high- 
molecular weight phthalates were chosen because DEHP is one of the 
major phthalates with regard to exposure, also in the EuroMix study 
(Husoy et al., 2019), and with known effects on the immune system 
(Bølling et al., 2020). DINP is an industrial substitute for DEHP with 
similar structure, also demonstrating immune-related effects, such as 
cytotoxicity in vitro (Eljezi et al., 2019), autoimmune thyroid disease 
(Duan et al., 2019), and adjuvant effect on OVA-induced allergic airway 
inflammation in rats (Chen et al., 2015). This is the first study, to the best 
of our knowledge, demonstrating the usefulness of explorative high- 
dimensional single cell analysis by mass cytometry (CyTOF) in human 
samples in answering toxicological research questions regarding health 
effects of environmental exposures. 

2. Material and methods 

2.1. Study subjects and design 

Adult subjects (25–64 yrs old) were selected from a Norwegian 
human biomonitoring study which was part of the EU EuroMix project, 
see (Husoy et al., 2019) for details. Inclusion criteria for the study were 
being adult between 18 and 70 years, with no diseases the last week 
before participation. The study was approved by the Norwegian 
Regional Committee for Medical and Health Research Ethics (REK ID no 
2015/1868). Written, informed consent was obtained from all partici-
pants and all procedures were performed in accordance with approved 
guidelines. 

2.2. Urinary phthalate measurements and selection of participants 

For all 144 participants in the EuroMix cohort, urinary phthalate 
metabolite concentrations were determined in three pooled batches of 
urinary samples collected from 6 am-12 pm, 12 pm-6 pm and 6 pm-6 am 
(next morning) and kept at − 80 ℃ until analyses. Urinary phthalate 
metabolite concentrations were determined by on-line column switch-
ing liquid chromatography coupled to tandem mass spectrometry 
(HPLC-MS-MS) as described elsewhere (Sabaredzovic et al., 2015). The 
mean value of the resulting urine metabolite concentrations from the 
three pools, measured to be over the limit of detection (LOD), was 
subsequently adjusted for specific gravity and averaged over the 24 h of 
collection. Results on cohort level are previously reported (Husoy et al., 
2019). 

After correction for molecular weight, all DEHP and DiNP metabo-
lites for each individual were summed (

∑
DEHP and 

∑
DiNP). In-

dividuals with high and low levels of 
∑

DEHP + DiNP were selected (n 
= 16, 8 females and 8 males; Fig. 1, Suppl Table S1). Correspondingly, 
high and low levels of the other phthalates, and phenols (Husoy et al., 
2019), were considered, as well as aiming for as similar as possible age 
and body weight (group median). 

2.3. Immune cell profiling by mass cytometry 

At the end of the 24 h reporting period, blood samples were collected 
with EDTA anti-coagulant. Peripheral blood mononuclear cells (PBMCs) 
were isolated by Ficoll separation as previously described (Sonnet et al., 
2020), within one hour after collection and preserved in liquid nitrogen. 

After thawing, each sample was stained with two different metal- 
conjugated antibody panels (Table 1) to perform a deep and broad im-
mune cell phenotyping of unstimulated cells (Panel 1) and assess func-
tional characteristics of cellular subpopulations after stimulation with 

Fig. 1. Urine levels of the sum of DEHP and DiNP (sum of the urinary me-
tabolites corrected for molecular weight, 

∑
DEHP + DiNP) in the two defined 

groups of participants with low and high exposure (A, n = 16), also stratified by 
sex (B, n = 8, F = female, M = male)). Dots denote the value per individual, 
while the boxes denotes the group median and interquartile range values. 
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Phorbol 12-myristate 13-acetate (PMA) and ionomycin (Panel 2). 
Panel 1 consisted of 36 antibodies targeting surface markers. This 

panel was designed to identify the major cell populations in PBMCs (T- 
cells (including Th- and Tc-cells), B-cells, NK-cells, Monocytes (Mo) and 
dendritic cells (DC)), numerous subpopulations and the expression of 
activation markers and costimulatory molecules. Panel 2 was used to 
stain stimulated cells and consisted of 20 antibodies targeting surface 
molecules and 12 antibodies targeting intracellular proteins. Panel 2 
was designed to identify the major immune cell populations mentioned 
above, as well as regulatory T cells and intracellular cytokine produc-
tion. Metal-tagged antibodies were obtained from Fluidigm (CA, USA) or 
Biolegend (CA, USA; see Table 1) and conjugated in house using Max-
par® X8 Antibody Labelling Kits (Fluidigm) according to the manufac-
turer’s instruction. The in-house conjugated antibodies were diluted 
based on titration performance in Candor PBS-based Antibody Stabili-
zation solution (Candor Biosciences, Germany) and stored at 4 ◦C. For 
the cytokine antibodies, a mass minus many (MMM) control was per-
formed to confirm that any detected cytokine production was neither 
due to spillovers from other channels nor background noise. 

Cells were thawed and the samples prepared for mass cytometry 
according to descriptions in Sonnet et al. (2020). In short, PBMCs were 
gently thawed in benzonase-containing medium, washed, counted, and 
two vials each of 3 million cells were left to rest over night at 37 ◦C in a 
CO2 incubator. Cells in one of the two vials were stimulated for 4 h (CO2 
incubator, 37 ◦C) with 20 ng/mL PMA and 1 µg/mL ionomycin. 

Brefeldin A (BFA) was added to a concentration of 10 µg/mL. Both ali-
quots were washed, incubated with Cisplatin as a viability marker, and 
stained with the surface marker panels (unstimulated aliquot with Panel 
1 and the stimulated aliquot with Panel 2A). After washing, the stimu-
lated aliquot was fixed, permeabilized with methanol and left overnight 
at − 20 ◦C, before being rehydrated and stained with the antibody 
cocktail for the intracellular markers (Panel 2B). Ir191/193 intercalators 
were used for all samples to identify cells (distinguished from debris). 
After washing, the cells were left pelleted until mass cytometry analyses 
the same day. 

The CyTOF data were acquired on a CyTOF II instrument (Fluidigm) 
equipped with a SuperSampler system [Victorian Airship & Scientific 
Apparatus]. Immediately before data acquisition, cells were resus-
pended in Maxpar® Water (Fluidigm) to a concentration of 2.5–5 *105 

cells/mL, and EQ™ Four Element Calibration Beads (Fluidigm) added to 
give a 1:10 dilution. Filtered suspensions were acquired at a rate of 
300–600 events/second. 

2.4. Data analyses 

All files were normalized using the Fluidigm CyTOF Software 6.7 for 
Windows (Fluidigm). Subsequent data and statistical analyses were 
performed with Cytobank software (Cytobank Inc., CA, USA) and 
GraphPad Prism 7 (GraphPad Software, Inc.). Living single CD45+ cells 
were selected for all downstream analysis by manual biaxial gating 

Table 1 
Mass cytometry antibody panels. Metal isotope tags, antibody target, clones and provider used for staining of unstimulated cells (Panel 1) and stimulated cells (Panel 
2). * used for clustering in the CITRUS algorithm for abundancy, # for median marker expression. Below the dotted line, markers for cell identification and viability.  

Panel 1 Panel 2 

Metal isotope Target Clone Provider Metal isotope Target Clone Provider 

Surface markers Surface markers (2A) 
141Pr CD196 (CCR6)* 11A9 Fluidigm 142Nd CD19 # HIB19 Fluidigm 
142Nd CD19*# HIB19 Fluidigm 143Nd CD127/IL-7Ra AD19D5 Fluidigm 
143Nd CD127 (IL-7Ra)*# A019D5 Fluidigm 145Nd CD4 # RPA-T4 Fluidigm 
144Nd CD69 FN90 Fluidigm 147Sm CD11c # Bu15 Fluidigm 
145Nd CD4*# RPA-T4 Fluidigm 148Nd CD16 # 3G8 Fluidigm 
146Nd IgD*# TA6-2 Fluidigm 153Eu CD185/CXCR5 # RF8B2 Fluidigm 
147Sm CD11c*# Bu15 Fluidigm 154Sm CD3 # UCHT1 Fluidigm 
148Nd CD16*# 3G8 Fluidigm 155Gd CD45RA # HI100 Fluidigm 
149Sm CD194 (CCR4)* 205,410 Fluidigm 158Gd CD33 WM53 Fluidigm 
150Nd CD134 (Ox40) ACT35 Fluidigm 164Dy CD23 EBVCS-5 Fluidigm 
151Eu CD123 (IL-3R)*# 6H6 Fluidigm 166Er BAFF-R/CD268  BioLegend 
152Sm γδTCR*# 11F2 Fluidigm 167Er CD197/CCR7 # G043H7 Fluidigm 
153Eu CD185 (CXCR5)* RF8B2 Fluidigm 168Er CD8 # SK1 Fluidigm 
154Sm CD3*# UCHT1 Fluidigm 169Tm CD25/IL-2R # 2A3 Fluidigm 
155Gd CD45RA*# HI100 Fluidigm 170Er HLA-DR # L243 Fluidigm 
156Gd CD183 (CXCR3)* G025H7 Fluidigm 173Yb CD154/CD40L  BioLegend 
158Gd CD33*# WM53 Fluidigm 174Yb CD161  BioLegend 
159Tb CD161 HP-3G10 Fluidigm 175Lu CD14 # M5E2 Fluidigm 
160Gd CD28 CD28.2 Fluidigm 176Yb CD56 # NCAM16.2 Fluidigm 
162Dy CD27*# L128 Fluidigm 89Y CD45 HI30 Fluidigm 
163Dy CD294 (CRTH2)* BM16 Fluidigm Intracellular markers (2B)   
164Dy CD23 EBVCS-5 Fluidigm 144Nd IL-2 MQ1-17H12 Fluidigm 
165Ho CD163 GHI/61 Fluidigm 150Nd IL-22 22URTI Fluidigm 
166Er CD24*# ML5 Fluidigm 151Eu IL-5 TRFK5 Fluidigm 
167Er CD197 (CCR7)* G043H7 Fluidigm 152Sm TNFα Mab11 Fluidigm 
168Er CD8a*# SK1 Fluidigm 156Gd IL-10 JES-9D7 BioLegend 
169Tm CD25 (IL-2R)# 2A3 Fluidigm 159Tb IL-13 JES10-5A2 BioLegend 
170Er HLA-DR*# L243 Fluidigm 161Dy IL-17A BL168 Fluidigm 
171Yb IL-33R /ST2*# Sf21 R&D systems 162Dy Foxp3 # 259D/C7 Fluidigm 
172Yb CD38*# H1T2 Fluidigm 163Dy IL-4 MP4-25D2 Fluidigm 
173Yb CD371* 50C1 Fluidigm 165Ho IFNγ B27 Fluidigm 
174Yb IgG*# MNK-49 BioLegend 171Yb IL-6 MQ2-BA5 BioLegend 
175Lu CD14*# M5E2 Fluidigm 172Yb IL-21 3A3-N2 Fluidigm 
176Yb CD56*# NCAM16.2 Fluidigm     
209Bi CD11b* ICRF44 Fluidigm     
089Y CD45 HI30 Fluidigm     
191Ir Cell-ID  Fluidigm 191Ir Cell-ID  Fluidigm 
193Ir Cell-ID  Fluidigm 193Ir Cell-ID  Fluidigm 
195Pt Cisplatin, live/dead Fluidigm 195Pt Cisplatin, live/dead Fluidigm  
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excluding doublets (based on DNA (Ir191/193) content and event 
length), EQ beads, cisplatin-containing dead cells, and non-existing 
double positive cells (CD19+ CD3+ and CD19+ CD14+). (Suppl. 
Fig. S1) 

With an explorative aim, we used the CITRUS algorithm (cluster 
identification, characterization, and regression (Bruggner et al., 2014)) 
to identify populations and patterns of interest. CITRUS first uses an 
unsupervised data-driven hierarchical clustering algorithm, including 
files from all participants, to identify clusters of cell subpopulations 
based on the marker expressions, displaying a hierarchy of phenotypi-
cally related cell clusters. Secondly, the relative cell abundance and/or 
median marker expression of these clustered populations were 
compared between the two groups of low and high 

∑
DEHP + DiNP 

exposed individuals, the association models returning the features that 
have statistically significant differences between samples in different 
groups for a given cluster. Due to the explorative character of the study 
and the relatively small groups, we report both results from the correl-
ative, non-parametric test SAM (significant analysis of microarrays, FDR 
of 5%) model and from the predictive models PAMR (R implementation 
of prediction analysis of microarrays) or LASSO (L1-Penalized Regres-
sion) (Grace and Nacheva, 2012; Tibshirani, 1996; Tibshirani et al., 
2002; Van der Laan et al., 2003). In our case, the model error rate plots 
for the predictive models usually were not good, however, the charac-
teristics for the clusters identified by CITRUS as being part of the set of 
nodes statistically significant between the groups were still used as a 
starting point for further investigations. 

All CITRUS analyses were performed three times on the same data set 
but with independent down-sampling. While the results reported are 
from the first run, only results being reproduced in all three CITRUS runs 
are highlighted. For cell clusters identified as significantly different 
between groups by CITRUS, we focused on the cell node furthest down 
in the hierarchy, to identify the “purest” cluster. Data from these cell 
clusters were further investigated, by performing pairwise comparison 
between the cell abundance and/or mean marker intensities by Kruskal- 
Wallis test (KW; high versus low exposure group) and Mann-Whitney 
with Dunn’s multiple comparison post-hoc test (MW; high and low 
exposed groups stratified by sex), using GraphPad Prism. 

For all main findings, manual gating of populations with the most 
important characteristics (marker expression) was performed, and re-
sults compared between groups. The main motivation for this manual 
gating was to confirm that the results were robust, and even with a 
smaller set of markers. Such “verification” with fewer markers will allow 
future studies to apply higher throughput (flow cytometry) methods in 
their study design to detect the relevant subpopulations/putative bio-
markers of effect. 

CITRUS analysis was performed on living intact single cells with the 
default configuration (arcsinh cofactor = 5, normalize = “global”, 
sampling of 5000 random evets per file, down-sampling exclusion 
percentile = 0.01, target number of clusters = 250, maximum number of 
clustered events = 50000) and a 2% cutoff for cluster size. For the sta-
tistical models, a false discovery rate (FDR) of 5% and global normali-
zation scales were used. For the predictive models, results from analyses 
with cv_min are presented, i.e. corresponding to the model with the 
fewest number of features necessary to have the lowest cross validation 
(cv) error rate. For unstimulated cells (Panel 1), clustering was per-
formed on i) all 35 markers (excluding CD45) and ii) 27 phenotyping 
markers (marked * in Table 1) excluding clearly functional/activation 
markers (CD69, CD23, CD25, CD28, CD134/Ox40, CD371, CD163, 
CD161) and CD45. Median expression of the activation markers HLA- 
DR, CD69, CD23, CD25, CD28, CD134/Ox40, CD11b, CD371 and 
CD163 were compared between the groups after clustering on 21 main 
phenotyping markers (marked # in Table 1). For stimulated cells (Panel 
2), clustering was performed using i) all 30 markers (excluding CD45, 
and CD33 due to an artefact “upregulation” of this marker in stimulated 
cells) and ii) 14 phenotyping markers (marked * in Table 1). Differences 
between groups for median expression for the 11 cytokines and the 

activation markers CD23, CD25, HLA-DR, CCR7 and the costimulatory 
marker CD154 were investigated, after clustering on the same 30 and 14 
markers. 

For data visualization purposes, viSNE (visualization of t-Distributed 
Stochastic Neighbour Embedding (Amir et al., 2013). was performed on 
living CD45+ singlets including data from all participants, with the 
default configuration (in Cytobank; seed: (random), # iterations: 1000, 
perplexity: 30, theta: 0,5). Unless otherwise noted, all markers (except 
CD33 for stimulated cells, see below) were used for clustering and 4000 
events (or the maximum available for the B and T subsets) were sampled 
from each individual. 

3. Results 

3.1. Immune cell profiles associated with phthalate exposure levels in 
unstimulated cells 

While clustering on all 35 markers did not result in conclusive ana-
lyses for either SAM, PAMR or LASSO, clustering performed on the 27 
surface/phenotyping markers only (i.e. excluding CD45 since used for 
pre-gating and the activation markers CD69, CD25, CD23, CD134/Ox40, 
CD28, CD371, CD163 and CD161) provided several consistent results. 

Several branches of CD56+ (NK cell marker) cell clusters were 
identified as being increased in the high 

∑
DEHP + DINP exposed group 

(PAMR analyses; Fig. 2A). The NK#1 cell cluster, characterized as an 
activated NK cell subpopulation based on its high expression of CD56, 
CD11c and CD161 (also being CD45RA++ CD38++ CD16+ CCR7- CD8- 
CD27-, Suppl. Fig. S2), tended to be increased in the high 

∑
DEHP +

DINP exposed group (non-significant in Kruskal-Wallis test but the trend 
were apparent in both sexes (data not shown)). The increase of this 
activated NK cell population was confirmed to be significant after 
manual gating of CD3- CD19- CD56+ CD45RA++ CD38++ CD16+
CD11c+ cells (Fig. 2B), apparent in both sexes (Fig. 2C), providing a 
strengthening of the result from the unsupervised gating. 

The NK#2 cell cluster, CD56+ CD8+ CD3- CD19- CD11c- CD16+
(Suppl. Fig. S2) probably showed a trend of increase mainly driven by a 
single high sample, and the same pattern was observed after manual 
gating of CD19- CD3- CD56+ CD16+ CD8+ cells (data not shown). The 
NK#3 cell cluster was only marginally different between the two 
exposure groups and were not further investigated. Manual gating 
determining the % NK cells (CD56+ main population) or the % 
CD56bright CD16-/dim population did not show any differences be-
tween the two groups, while narrow gating of the CD56+ CD16+ NK cell 
populations were significantly increased in the high exposure group 
(Fig. 2D). 

Another group of cell nodes identified in the PAMR analyses was a 
group of monocytes (Mo) showing slightly higher (n.s. in KW) levels in 
the high 

∑
DEHP + DINP exposed group. The Mo#1 was CD14+ CD16+

HLADR++ CD11b++ CD11c++ (CD123++ CD33+ CD38+, Suppl. 
Fig. S2), thus characterized as enriched for intermediate Mo according 
to Thomas et al., (Thomas et al., 2017). Also after manual gating of Mo 
(% of living CD45+ cells), a trend of higher % of Mo were seen in the 
high exposed group, and apparent in both sexes (Fig. 2E and F, respec-
tively). After manual gating, percentages of nonclassical, classical, and 
intermediate Mo (according to Suppl. Table S2) reflected the % Mo 
when expressed as % of cells, while no group differences were seen when 
expressed as % of Mo. This indicates that the increase in Mo was driven 
by the different subgroups of Mo. The % of manually gated plasmacytoid 
dendritic cells (pDC) and myeloid (m) DC (according to Suppl. Table S2) 
did not differ between the groups (data not shown). 

A cluster of naïve cytotoxic T cells (Tc#1, CD3+ CD8+ CD45RA++

CXCR3+ CD27++ CD294+ (variable expression), CCR7++ CD38+ IL- 
33R+ CD127+, Suppl. Fig. S2) had lower abundance in the high 
compared to the low 

∑
DEHP + DINP exposed group, in the SAM ana-

lyses. Investigating the abundance in this cluster, it was close to signif-
icant in KW analyses (Fig. 3A) and appeared to be driven by trends in 
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both sexes (Fig. 3B). Also, naïve Tc cell clusters (including Tc#1) were 
consistently showing up in the PAMR analyses (Fig. 2A). Manual gating 
of naïve (CD45RA++) Tc cells being CD27++ CXCR3+ CD127+ (with 
or without CD294+ gate) (Fig. 3C and D) were only showing a non- 
significant trend of lower levels in the high exposed group, possibly 
driven by high values for two individuals. Manual gating of the parent 
populations, % Tc or % naïve Tc cells did not show group differences 
(data not shown). 

Subpopulations of naïve Th cells were consistently identified as 
reduced in the PAMR analyses, although the effect was weak, not sig-
nificant in KW analyses and appeared to be driven by two individuals 
with high values in the low 

∑
DEHP + DINP exposed group (Fig. 3E). 

Similar results were seen after manually gating of Th and naïve Th cells 
(data not shown). 

After clustering based on 21 phenotyping markers, median expres-
sion of the nine activation markers (HLA-DR, CD69, –23, − 25, − 28, 
− 11b, − 132/Ox40, − 163 and − 371) were compared between groups. 
While SAM revealed no differences, PAMR and LASSO identified some 
cell clusters differing between the high and low exposed groups. First, 
increased expression of CD11b was indicated on three different NK cell 
branches (CD8+ CD11c+ CD38++, CD8dim CD11c+ CD38++ and 
CD8dim CD11c dim CD38+ populations; Suppl. Fig. S3), confirmed 
significant in KW analyses (Fig. 4 A, B, C respectively) and trends were 
observed in both sexes (data not shown). The increased CD11b expres-
sion on NK cells was confirmed after manual gating, as significantly 
increased % of CD11b+ NKs (Fig. 4D), the trend was observed in both 
sexes (data not shown). Secondly, increased expression of CD25 in a 
branch of cell clusters were indicated. This cluster appeared to contain 

both T helper memory cells (CD4+ CD45RA- CD127+) and other cell 
types (HLA-DR+ CD38+), and no group differences were observed after 
manual gating of T-effector memory (TEM) cells, therefore this result is 
not further reported. 

3.2. Immune cell profiles associated with phthalate exposure levels in 
stimulated cells 

Clustering based on all 30 markers of Panel 2 revealed that a group of 
NK cells (CD56+ CD11c+ CD45RA++ CD16- CD161+/-; Suppl. Fig. S3) 
expressing various amounts of IFNγ and TNFα (being negative for IL-6 
and the other cytokines investigated) were present at higher fre-
quencies in the high versus the low 

∑
DEHP + DINP group (CITRUS 

SAM analyses; illustrated by NK#a, Fig. 5A, B and C). Some of these NK 
cells were weakly CD8+, as also seen in unstimulated cells stained with 
Panel 1. The abundancy of this cell cluster was significantly different 
between the two groups (Fig. 5B), and this trend was observed in both 
sexes (Fig. 5C), but were not confirmed after manual gating of TNFα 
IFNγ double positive NK cells. Significant group differences for a large 
family of NK cell clusters were confirmed in the PAMR analyses (Fig. 5A 
and data not shown). Manual gating of the parent population, i.e. NK 
cells (CD3- CD19- CD56+), in both the stimulated (data not shown) and 
unstimulated did not show clear group differences until stratifying for 
sex, then males showed a trend of increase in % of NK cells (% of true cell 
population) in the high exposure group (Fig. 5D). viSNE plots, and 
biaxial plots based on these manually gated NK cells, illustrate how 
subpopulations of the NK cells are expressing both IFNγ and TNFα 
(Fig. 5E and F, respectively). 

Fig. 2. NK cells and Monocytes in PBMCs from participants with low and high 
∑

DEHP + DINP exposure levels, determined in unstimulated cells stained with Panel 
1 antibodies. (A) The CITRUS tree with cell cluster nodes, with red nodes denoting the minimum number of features necessary for group prediction of samples in the 
PAMR analyses. (B) Proportion of manually gated CD3- CD19- CD56+ CD45RA++ CD38++ CD16+ CD11c+ NK cells, (C) also stratified by gender. (D) Proportion of 
manually gated CD56+ CD16+ NK cells (gating strategy in Suppl. Fig. S1B) (E) Proportion of manually gated monocytes (according to Suppl. Table S2), (F) also 
stratified by gender. All populations are expressed as proportion of living singlet CD45+ cells. Dots denote the value per individual, while the lines denote the group 
median and interquartile range values. p-values shown are from nonparametric analyses. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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CITRUS PAMR analyses (clustered using the 30 markers, Fig. 5A) 
also pointed to group differences for the abundancy of a number of other 
cell clusters, characterized as Tfh, Tc, Th and B cell subpopulations 
(Fig. 5A, Suppl. Fig. S4). The B cell clusters with lower abundancy in the 
high exposed group were characterized as a naive B cell producing IL-6 
and TNFα (B#a; CD19+ BAFFR+ CD45RA++ CXCR5++ CCR7dim 
HLADR++CD25+ IL-6+, TNFα+, all other markers neg; Suppl. Fig. S4). 
The reduction for the B#a cluster was not significant in KW (Fig. 6A), 
but evident after manual gating, seen as significantly lower % of TNFα 
and IL-6 double positive B cells (out of B cells) in the high 

∑
DEHP +

DINP exposed group (Fig. 6B), showing a trend of reduction in both 
sexes (data not shown). The viSNE plots in Fig. 6E (run on B cells only) 
illustrates that TNFα is expressed in a limited subpopulation of the B 
cells, confirming that these cells are also CD19+ BAFFR+ CXCR5+. 
Further, it illustrates that the IL-6 expression in B cells was not restricted 
to TNFα + populations. 

The proportion of a single cell cluster characterized as Thf (Thf#a 
Fig. 5A; CD3+ CD4+ CXCR5+ CD45RA- CD25+ CCR7+ CD161dim/+
TNFα + IFN-/dim, CD8-; Suppl. Fig. S4) were identified in PAMR from 
the first CITRUS run, as slightly decreased in the high 

∑
DEHP + DINP 

exposure group. This was not significant in KW statistics of the cell 
numbers in the single node, nor confirmed in two later CITRUS runs or 
after manual gating of T cells or Th cells being CXCR5+ or CXCR5+
CCR7+ (data not shown). 

Two cluster families of Th cells and a cluster family of Tc cells also 
showed up in the PAMR analyses (Fig. 5A), with trends of decreased 
abundancy in the high 

∑
DEHP + DINP exposure group. The “end” 

clusters in these groups were characterized as Th#a, Th#b and Tc#1, 

but all clusters were only weakly reduced, not verifiable in KW analyses 
and were not further explored (data not shown). The direction of the 
changes, however, support the findings for Tc and Th cell subsets 
observed in unstimulated cells. 

No median marker expression was significantly different between 
the two groups when doing CITRUS with clustering on all 30 markers 
and comparing groups by SAM or PAMR. In the LASSO analyses, how-
ever, a B cell cluster (CD19+ HLA-DR+ BAFF-R+ CD45RA+ CCR7med 
CXCR5+; Suppl. Fig. S5) showed significantly decreased expression of 
both IL-6, TNFα (Fig. 6C and D) and IL-10 (IL-10 expression was very 
low, data not shown), with similar trends for both sexes (data not 
shown). Clustering on 14 phenotyping markers only, these observations 
were confirmed (data not shown). This strengthen the observations of 
reduced abundancy of an IL-6 + TNFα + naïve B cell population re-
ported above. 

4. Discussion 

By applying functional high-dimensional single-cell analyses, this 
exploratory study identified potential effect biomarkers and mecha-
nisms for the reported associations between phthalate exposure and 
immune-related health outcomes. Within a Norwegian adult population 
with relatively low phthalate urine levels but comparable to other Eu-
ropean cohorts (Husoy et al., 2019; Wang et al., 2019), the group with 
high DEHP and DINP exposure levels consistently had a higher pro-
portion of several innate immune cell subpopulations, i.e. some partic-
ular NK-cell and monocyte subpopulations. Particularly consistent were 
the findings for IFNγ TNFα double positive NK cells and CD11c- 

Fig. 3. T cells in PBMCs from participants with low and high 
∑

DEHP + DINP exposure levels, determined in the unstimulated cell sample stained with Panel 1 
antibodies. (A) Proportion of cells in the Tc#1 node identified in the CITRUS analyses, (B) also stratified by sex. (C) Proportion of manually gated naïve Tc cells 
(CD3+ CD8+ CD45RA++) being CD27++ CXCR3+ CD127+, (D) also stratified by sex. (E) % of cells in the Th#1 node identified in the CITRUS analyses. All 
populations are expressed as proportion of living singlet CD45+ cells. Dots denote the value per individual, while the lines denote the group median and interquartile 
range values. p-values shown are from nonparametric analyses. 
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expressing NK subsets. For the adaptive immune cells, however, the % of 
particular subpopulations were lower in the high DEHP and DiNP 
exposure group, including IL-6 TNFα double positive B cell sub-
populations and less consistently various naïve cytotoxic and helper T 
cell populations. An overview of the major findings is given in Fig. 7. To 
the best of our knowledge, this is the first study to exploit the power of 
high-dimensional mass cytometry analysis to identify biological changes 
associated with exposure to environmental xenobiotics. The novel cell 
populations and markers reported to be associated with phthalate 
exposure, however, need verification in larger studies or experimental 
studies for establishing causal relationship. 

In spite of small group sizes (n = 16, 8 females and 8 males), several 
functionally distinct clusters of cells were consistently identified in 
repeated CITRUS analyses. Although not always statistically signifi-
cantly different between the two groups using Kruskal-Wallis for that 
particular cell cluster, we used the CITRUS results to identify pop-
ulations of interest. Based on their marker expression pattern, manual 
gating confirmed group differences for a number of these populations, 
between the groups with high and low 

∑
DEHP + DINP phthalate 

exposure. This confirmatory analysis increases the strength of the results 
using a smaller set of markers, also suggesting a set of markers suitable 
for use in future studies with higher throughput methods like flow 
cytometry. Only results confirmed by manual gating are discussed in the 
following. 

The most consistent finding was higher abundance of NK cell 

populations expressing CD11c and CD16 in the group having high versus 
low exposure levels of 

∑
DEHP + DINP. This was detected by the un-

supervised cluster analyses of both the unstimulated and stimulated 
sample, confirmed by manually gating on CD11c + NK cells as well as by 
significantly higher expression per cell of the maturation marker CD11b 
(Freud et al., 2006) on several NK cell clusters. To our knowledge this is 
the first study to report putative effects of phthalates on NK cells (Bølling 
et al., 2020). Expression of CD11c on NK-cells has been suggested to 
represent an activation-induced NK-cell population in autoimmune 
diseases like multiple sclerosis and diabetes (Aranami et al., 2006; 
Barcenilla et al., 2019), and CD11c+ NK cells were expanded and acti-
vated by circulating factors from trauma patients (Cahill et al., 2020). 
Furthermore, CD56+ CD16+ CD11c+ activated NK cell populations 
have been reported to have properties such as IFNγ production, tumor 
cell cytotoxicity, and the capability of inducing γδT lymphocyte prolif-
eration (Li et al., 2013). An activated state was supported by the 
increased co-expression of IFNγ and TNFα from these NK cells after 
PMA/ionomycin stimulation. CD11b+ CD27- NK cells often have high 
cytolytic function and the high expression level of CD16 may suggest 
that the NK cell subpopulations identified in our study can be efficient 
mediators of antibody-dependent cellular cytotoxicity (Fu et al., 2014). 
Many of the cells in these NK cell populations expressed CD161, an in-
dicator of a pro-inflammatory state in which these cells are able to 
respond to cytokines and contribute to inflammatory disease develop-
ment (Kurioka et al., 2018). Both frequency and activation state of NK 

Fig. 4. NK cells in PBMCs from participants with 
low and high 

∑
DEHP + DINP exposure levels, 

determined in the unstimulated cell sample stained 
with Panel 1 antibodies. Median expression of 
CD11b per cell in the #1NK (A), #2NK (B) and 
#3NK (C) cell nodes identified by PAMR in CITRUS 
(expressed as % of living singlet CD45+ cells). (D) 
Proportion of CD11b+ NK cells (expressed as % of 
NK cells) determined after manual gating. Dots 
denote the value per individual, while the lines 
denote the group median and interquartile range 
values. p-values shown are from nonparametric 
analyses.   
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cells have been reported to be altered in a number of autoimmune dis-
eases and HIV-infected patients (Michel et al., 2016; Mahapatra et al., 
2019). Taken together, our data suggest that phthalate exposure may 
promote activated and pro-inflammatory NK cell populations with IFNγ 

and TNFα co-production, possibly of a cytolytic character. 
Monocytes appeared to be elevated in a number of the individuals 

being exposed to high 
∑

DEHP + DINP levels, both as cell clusters 
characterized as intermediate Mo after unsupervised clustering and after 

Fig. 5. Results from PBMCs from participants with low and high 
∑

DEHP + DINP exposure levels, stimulated for 4 h with PMA/ionomycin, and stained with Panel 2 
antibodies. (A) The CITRUS tree with cell cluster nodes, with red nodes denoting the set of cell clusters necessary for group prediction of samples in the PAMR 
analyses (B) percentage of cells in the NK#a node identified in the CITRUS analyses (C) also stratified by sex. (D) Proportion of manually gated NK cells (CD3-CD19- 
CD56+) stratified by sex. All populations are expressed as % of living singlet CD45+ cells. Dots denote the value per individual, while the lines denote the group 
median and interquartile range values (E) viSNE plots from one participant, color codes showing expression of selected markers on a single cell level. The viSNE map 
was built using all 30 markers and data from all participants. (F) Biaxial plot including NK cell gate only, illustrating the presence of IFNγ + TNFα + double positive 
NK cells after manual gating, plot for one participant is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 6. B cells in PBMCs from participants with low and high 
∑

DEHP + DINP exposure levels, stimulated for 4 h with PMA/ionomycin, and stained with Panel 2 
antibodies. (A) Proportion of cells in the B#a node from the CITRUS analyses (expressed as % of living singlet CD45+ cells) (B) proportion of manually gated B cells 
being double positive for IL-6 and TNFα (expressed as % of B cells). (C) and (D) show the median expression levels of IL-6 and IFNγ, respectively, in the B#a cell 
cluster. Dots denote the value per individual, while the lines denote the group median and interquartile range values. p-values shown are from nonparametric 
analyses. E) Illustrates the expression patterns of selected markers after performing a viSNE analyses including only B cells (CD3- CD19+ cells). 
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manual gating of the overall Mo population. Multiple diseases, including 
bacterial and viral infections, autoimmunity, and chronic inflammation, 
are associated with changes in monocyte subsets. Intermediate mono-
cytes are more abundant in bacterial sepsis, dengue fever, Crohn’s dis-
ease, cardiovascular disease and rheumatoid arthritis (Thomas et al., 
2017). The intermediate Mo population also expressed high levels of the 
inflammatory phenotypic markers CD11b and CD11c, shown to be 
upregulated in monocytes by factors like TNFα (Al-Rashed et al., 2019). 
Accordingly, phthalates have been reported to affect monocytes (Bølling 
et al., 2020; Hansen et al., 2015), although not these specific phenotypic 
markers. CD11b and CD11c, beta 2 integrins, are adhesins and activa-
tion markers, both contributing to and regulating immune responses 
(Schittenhelm et al., 2017). Their gene expression (ITGAM-ITGAX) has 
been reported to be associated with autoimmune conditions like Sys-
temic lupus erythematosus (Hom et al., 2008). Taken together, the 
consistent observations of increased abundance of activated NK cell 
subsets and monocytes along with increased cellular expression of pro- 
inflammatory markers are supporting and expanding previous evi-
dence, and suggests that high phthalate exposure can promote a (low 
grade) pro-inflammatory state in innate immune cells. Thus, these 
innate cell populations deserve further exploration as target cells for 
phthalate exposure. For a more thorough assessment of the innate arm, 
fresh blood samples could be investigated, also including the gran-
ulocyte cell populations. 

Among the adaptive cells, several clusters of Tc, Th, Tfh and B cells 
were identified in the CITRUS analyses. It is worth noting that although 
not strong or verified after manual gating for the T cell populations, the 
trends for both T and B cell clusters were all in the direction of lower 
abundancy in the high 

∑
DEHP +DiNP exposure group. The observation 

of lower percentages of TNFα and IL-6 double positive B cells in the high 
∑

DEHP + DiNP exposure group was robust. Cytokine-producing B cells 
have been reported to play a role in autoimmune diseases (Fleischer 

et al., 2015; Yilmaz et al., 2015), and IL-6 and TNFα are found to be 
important in B-cell function and proliferation (Rieckmann et al., 1997). 
Interestingly, a lack of B-cell derived IL-6 has been reported to prevent 
follicular helper T-cell (Tfh) differentiation (Arkatkar et al., 2017; Eto 
et al., 2011) and B cell-derived TNFα has been reported to be important 
for regulating other follicular cells (Lund, 2008). On the other hand, 
DEHP has been suggested to lead to expansion of Tfh cells, which 
modifies the functionality of antibody producing B cells in a mouse 
model for ovalbumin sensitization (Han et al., 2014). Although we did 
not see strong effects (but indeed tendencies) on circulating Tfh, the 
observed changes in the double positive B cells may reflect possible 
phthalate effects on Tfh cells in lymphoid tissues and thus may support a 
functional role of phthalates in disturbing Tfh-B cell interactions. Pre-
vious experimental studies suggested that phthalates enhanced allergen- 
induced responses in mice, including a shift towards Th2 and Th17 re-
sponses, while in vitro studies report modulation of dendritic cell dif-
ferentiation and T cell interaction, also with increased release of Th2 
mediators (Bølling et al., 2020). However, no associations were 
observed between 

∑
DEHP + DiNP levels and T cell cytokine production 

or Th2/Th17 marker expression in the current analysis. This discrepancy 
is most likely due to our experimental design, with application of the 
general (and not allergen-specific) cellular stimuli PMA/ionomycin. 

The strength of the high-dimensional mass cytometry approach is the 
high number of markers allowing combination of a detailed immune cell 
phenotyping with surface markers with numerous functional markers 
like activation markers and intracellular cytokines on a single cell level. 
Overall, the markers identified to differ between groups were in general 
functional markers, such as combined cytokine production (polyfunc-
tional cells) and expression of activation or maturation markers. This 
suggest that functional markers, rather than traditional cell phenotyp-
ing, are more sensitive for revealing associations with phthalate expo-
sure. Thus, polyfunctionality and activation markers like the ones 

Fig. 7. An overview of the major cell populations associated with different 
∑

DEHP + DINP levels in the present study. Arrows illustrate statistically significantly 
increased or decreased cell subset abundancy or expression of the functional markers per cell, in the high versus the low 

∑
DEHP + DINP exposed group (n = 16). The 

surface markers and cytokines shown in the illustrations represent the characteristic marker expression pattern for the various cell populations of interest. The short 
names in parenthesis refer to the cell populations described in the CITRUS-trees and text of the results section. 
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identified in the present study deserve further investigation as bio-
markers for effect as well as for improved mechanistic knowledge. It 
should be noted, however, that use of PBMCs going through a freeze-
–thaw cycle as in the present study may affect certain phenotype and 
functional markers, while this cell storage step also assures high degree 
of standardized preservation and high reproducibility (Martikainen and 
Roponen, 2020). The application of high-dimensional cytometry will be 
important to achieve simultaneous detection of cell types and combi-
nation of functional markers. 

One of the strengths of the present study is the accuracy in the in-
dividual exposure levels, due to measurements of several specific me-
tabolites over a 24-hour period (Husoy et al., 2019), integrating all 
routes of exposure and bioavailability. Since half-lives of the metabolites 
are relatively short, the urinary levels over this 24-hour period directly 
preceding the collection of the PBMCs can be considered a good 
reflection of the actual exposure. Thus, the associations between expo-
sure level and the immune cell profiles may reflect acute, as opposed to 
chronic, effects from exposure during the latest 24-hour period. How-
ever, we cannot exclude that the associations also may be caused by 
chronic exposure to similar levels of phthalates over time due to similar 
lifestyle patterns and widespread use of phthalates resulting in a 
continuous exposure to phthalates. Metabolite analysis of a second 24- 
hour urine pool from the same subjects collected after a 2–3 week in-
terval gave similar concentrations of DEHP metabolites as for the pre-
sented levels (Husøy et al, in press). Also, contribution from other, 
confounding environmental exposures or lifestyle factors cannot be 
excluded, although the selection of participants was performed to 
reduce influence from other xenobiotics in the high phthalate group. 
Experimental studies in vivo or in vitro with controlled exposure are 
required to confirm causality. 

Sex-dependent effects of phthalates have been reported for asthma 
and allergy-related diseases (Buckley et al., 2018; Hoppin et al., 2004; 
Ku et al., 2015; Soomro et al., 2018) and may be linked to their 
endocrine-disrupting capacities (Chalubinski and Kowalski, 2006). 
Although the power in the present study was too low to reach signifi-
cances when stratifying by sex, some of the cell clusters identified by the 
CITRUS analyses appeared to be more strongly affected in one of the 
sexes. This may suggest that some of the observed associations between 
phthalate levels and altered immune cell profiles may be influenced by 
or interact with the endocrine-disrupting mechanisms. 

5. Conclusions 

This exploratory study assessing cell subset percentages and 
expression of functional markers suggests that DEHP and DiNP phtha-
late exposure may stimulate particular subsets of innate immune cells 
while suppressing certain adaptive immune cell subsets. Monocytes and 
TNFα + IFNγ + CD11c + activated NK cells, as well as IL-6 + TNFα + B 
cells were the populations showing the most consistent differences be-
tween the high and low phthalate exposure groups. Several of these cell 
characteristics have also been linked to immune diseases. Experimental 
studies of phthalate-induced effects in NK and B cells are virtually 
lacking in the literature but the present data suggest that further studies 
of impact on these cell types are warranted. By revealing significant 
immunological differences even between small groups, this study illus-
trates the promise of the broad and deep information obtained by high- 
dimensional single cell analyses of human samples to answer toxico-
logical research questions and to suggest novel mechanistic pathways 
and biomarkers of effect. It is highly recommended that PBMCs are 
collected in future biomonitoring studies to verify and exploit this 
approach. 
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