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Current Status of Developmental Immunotoxicity: Early‐Life Patterns and Testing, DeWitt, J., et al, Toxicologic Pathology, 40: 230‐236, 2012

Developmental immunotoxicity (DIT): windows of susceptibility



In utero and early life exposures to arsenic:
Later life disease



Arsenic prevalence, exposure & disease

• US EPA & WHO drinking water standard = 10 µg/L (10 ppb)
Schwarzenbach et al. (2010) Annual Review of Environment and Resources Vol. 35:109‐136 Google Images, Wikimedia Commons
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Immunotoxicant



Early‐life exposure to arsenic in Chile
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Ferreccio, C., et al. Epidemiology 2000; Smith, A., et al. EHP 2006 ; Yuan, Y., et al. Epidemiology 2010; Steinmaus, C., et al. CEBP 2013



Early‐life exposure to arsenic in Chile – Later life disease

Ferreccio, C., et al. Epidemiology 2000; Smith, A., et al. EHP 2006 ; Yuan, Y., et al. Epidemiology 2010; Steinmaus, C., et al. CEBP 2013
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Rare evidence supporting the 
“Developmental Origins of 
Health and Disease” hypothesis.



Early‐life exposure to arsenic in Chile – Lung cancer

Steinmaus, C. et al Cancer Epidemiol Biomarkers Prev. 2014 Aug;23(8):1529‐38.  and Smith, A., et al. J Natl Cancer Inst. 2018 Mar 1;110(3):241‐249.



Early‐life exposure to arsenic in Chile – Bladder cancer

Steinmaus , C. et al Cancer Epidemiol Biomarkers Prev. 2014 Aug;23(8):1529‐38.  and Smith, A., et al. J Natl Cancer Inst. 2018 Mar 1;110(3):241‐249.



Early‐life exposure to arsenic in Chile + Obesity = high cancer risk 

Steinmaus et al, Environ Res. 2015 Oct;142:594‐601.



Early‐life exposure to arsenic in Chile – T2D

Castriota et al, Environ Res. 2018 Nov;167:248‐254



Early‐life exposure to arsenic in Chile – T2D

Eick et al, Environ Res. 2019 May;172:578‐585.
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Early‐life exposure to arsenic in Chile – Later life cytokine profiles

Grant‐Alfieri , A. , Zhang, H., et al, unpublished

*External Exposure at Birth (ug/L) 
 

  
 

Continuous 
Scaled per 200 ug/L 

 

Categorical 
 Low: <860 ug/L; High: 860 ug/L 

Cytokine** 
% 
detec
table  

Unadjusted OR  
(95% CI) p-value Adjusted OR*** 

(95% CI) p-value Unadjusted OR  
(95% CI) p-value Adjusted OR***  

(95% CI) p-value 

MCP-1 100 0.06 (0.00, 0.11) 0.036 0.05 (-0.01, 0.10) 0.082 0.22 (-0.00, 0.44) 0.052 0.19 (-0.04, 0.42) 0.097
IP-10 100 0.02 (-0.04, 0.08) 0.499 0.00 (-0.06, 0.06) 0.941 0.04 (-0.20, 0.28) 0.727 -0.03 (-0.27, 0.22) 0.830
MIP-1-β 99 0.05 (-0.01, 0.11) 0.094 0.05 (-0.01, 0.11) 0.083 0.20 (-0.04, 0.45) 0.096 0.22 (-0.03, 0.46) 0.083
Eotaxin-CCL-11 98 0.10 (-0.00, 0.21) 0.060 0.10 (-0.01, 0.21) 0.074 0.43 (0.00, 0.86) 0.049 0.44 (-0.01, 0.88) 0.056
EGF 88 0.10 (-0.04, 0.25) 0.171 0.10 (-0.05, 0.25) 0.188 0.40 (-0.19, 0.99) 0.180 0.38 (-0.22, 0.98) 0.208
IL-1Ra 85 0.06 (-0.06, 0.19) 0.329 0.09 (-0.03, 0.21) 0.150 0.27 (-0.24, 0.79) 0.296 0.40 (-0.10, 0.90) 0.116
TNF-α 73 0.01 (-0.11, 0.12) 0.906 0.02 (-0.10, 0.14) 0.704 0.02 (-0.45, 0.48) 0.941 0.09 (-0.39, 0.57) 0.718
IL-8 69 0.11 (-0.00, 0.23) 0.056 0.12 (0.00, 0.24) 0.047 0.40 (-0.07, 0.88) 0.097 0.45 (-0.04, 0.94) 0.072
VEGF 61 -0.18 (-0.44, 0.08) 0.183 -0.17 (-0.44, 0.10) 0.223 -0.70 (-1.76, 0.37) 0.196 -0.65 (-1.77, 0.46) 0.248
IL-15 59 0.05 (-0.09, 0.19) 0.503 0.08 (-0.06, 0.21) 0.265 0.22 (-0.35, 0.79) 0.446 0.33 (-0.22, 0.87) 0.235
MIP-1-α 56 0.10 (0.01, 0.19) 0.039 0.12 (0.02, 0.21) 0.016 0.38 (-0.00, 0.76) 0.052 0.45 (0.07, 0.84) 0.022
IL-5 46 0.08 (-0.05, 0.22) 0.218 0.11 (-0.02, 0.23) 0.093 0.34 (-0.20, 0.89) 0.213 0.44 (-0.07, 0.95) 0.088
IL-12p40 44 0.04 (-0.11, 0.20) 0.600 0.08 (-0.08, 0.24) 0.316 0.23 (-0.40, 0.86) 0.470 0.40 (-0.24, 1.03) 0.216
GM-CSF 42 0.05 (-0.06, 0.15) 0.375 0.06 (-0.05, 0.15) 0.279 0.26 (-0.15, 0.67) 0.209 0.30 (-0.10, 0.71) 0.140
TNF-β  42 0.14 (-0.01, 0.28) 0.062 0.19 (0.05, 0.33) 0.010 0.54 (-0.04, 1.12) 0.066 0.78 (0.21, 1.35) 0.008
IL-10 38 0.13 (-0.05, 0.30) 0.150 0.13 (-0.04, 0.31) 0.129 0.44 (-0.27, 1.14) 0.221 0.48 (-0.23, 1.18) 0.184
IL-1-β 27 0.02 (-0.02, 0.07) 0.323 0.02 (-0.02, 0.07) 0.319 0.12 (-0.09, 0.32) 0.256 0.12 (-0.08, 0.31) 0.250
IFN-α-2 23 0.09 (-0.03, 0.21) 0.122 0.08 (-0.04, 0.21) 0.191 0.39 (-0.09, 0.87) 0.113 0.34 (-0.17, 0.84) 0.187
IL-6 21 0.05 (-0.02, 0.12) 0.126 0.06 (-0.01, 0.13) 0.094 0.24 (-0.04, 0.53) 0.094 0.26 (-0.02, 0.55) 0.072
IL-2 19 0.02 (-0.05, 0.09) 0.571 0.01 (-0.06, 0.08) 0.784 0.09 (-0.18, 0.37) 0.497 0.06 (-0.23, 0.35) 0.672
IL-12p70 18 0.01 (-0.03, 0.06) 0.527 0.02 (-0.03, 0.06) 0.509 0.08 (-0.11, 0.27) 0.402 0.09 (-0.11, 0.29) 0.369
IL-13 17 0.07 (-0.03, 0.16) 0.152 0.08 (-0.01, 0.17) 0.084 0.28 (-0.10, 0.66) 0.152 0.33 (-0.05, 0.70) 0.088
IFN-γ 13 -0.00 (-0.09, 0.08) 0.918 0.00 (-0.08, 0.08) 0.986 -0.02 (-0.36, 0.31) 0.891 -0.01 (-0.35, 0.34) 0.971
G-CSF 6 0.09 (-0.03, 0.21) 0.149 0.11 (-0.01, 0.23) 0.073 0.40 (-0.08, 0.88) 0.103 0.49 (0.00, 0.98) 0.048
IL-4 5 -0.00 (-0.07, 0.07) 0.971 -0.00 (-0.08, 0.08) 0.965 0.03 (-0.27, 0.32) 0.864 0.02 (-0.29, 0.33) 0.889
IL-17a 5 -0.02 (-0.08, 0.04) 0.610 -0.02 (-0.08, 0.05) 0.582 -0.06 (-0.30, 0.19) 0.651 -0.07 (-0.33, 0.19) 0.598
IL-7 4 -0.01 (-0.04, 0.03) 0.606 -0.00 (-0.04, 0.03) 0.929 -0.02 (-0.16, 0.12) 0.748 0.01 (-0.14, 0.15) 0.916



In utero arsenic exposure model



In utero Arsenic Exposure Model

Kristal Rychlik, PhD

Timed 
Mate GD 0

+/‐ iAs 
Exposure 
GD 9‐birth

Birth
PND 1

Lung function, Heart Injury 
or Sacrifice @ PND 42

Rychlik & Sillé et al, unpublished * P < 0.05



In utero Arsenic Exposure Model & Lung Function

Rychlik, Mitzner & Sillé et al, 
unpublished
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In utero Arsenic Exposure Model & Heart Injury

Rychlik, Kohr  & Sillé et al, unpublished
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In utero Arsenic Exposure Model: Macrophage cytokines
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In vitro models for in utero exposures to arsenic:
Macrophages



Arsenic & macrophages
Hypothesis:
Early-life exposure to arsenic alters macrophage development 
& function causing increased disease later in life.

Cytokines/chemokines Signaling lipids

Macrophages

TLR

Nitric Oxide

M1:
Pro‐inflammatory, 
Bactericidal activity, Tumor 
suppression

M2:
Scavenging, Tissue repair, 
Angiogenesis, Tumor promotion

Arsenic

?



Evaluate function and polarization states of arsenic‐
exposed macrophages 

*Arsenic was added to culture either 
during or after differentiation in doses:
0, 0.01, 0.1, 1 µM

Emily 
Illingworth



Arsenic alters macrophage function

Griess Assay > 
Nitric Oxide *

*
*

*
*

*
*

* * *

** *

* *

*

Developmental model vs. Mature model:

Illingworth & Sillé et al, unpublished
* P < 0.05



Arsenic alters cytokine/chemokine expression

Signaling protein analysisHomeostasis

Macrophages

Mouse bone 
marrow

+/‐ 0.1 uM iAs
M1: 100ng/mL LPS + 
6.25 ng/mL IFNg
M2: 20ng/mL IL‐4 
and IL‐13

Sillé et al, unpublished



Arsenic alters cytokine/chemokine expression
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Arsenic alters signaling lipids expression

Macrophages

Macrophages
+ 1 uM MMA3

Metabolite 
analysis

Mouse bone 
marrow

Homeostasis

Sillé et al, unpublished



Arsenic alters signaling lipids expression

Macrophages

Arsenic‐
treated 

macrophages

Metabolite analysis

Mouse bone 
marrow

Sillé et al, unpublished PGE2/PGD2 = Prostaglandins; C16:0 S1P  = sphingosine‐1‐phosphate; LPA= lysophosphatidic acid.

Pro‐inflammatory and pro‐tumorigenic signaling lipids 

+/‐ 1 uM 
MMA3

Homeostasis



Arsenic & macrophages

Monocytes / resting macrophages

Arsenic

TLRs TLRs M2M1

M1:
Pro‐inflammatory
Bactericidal activity
Tumor suppression

M2:
Scavenging
Tissue repair
Angiogenesis
Tumor promotion

`

TLRs

iNOS

Adapted from: Bosurgi, L., et al. Front. Immunol. 2011
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Conclusions

Environmental 
exposures:

Arsenic

Google Images, Wikimedia Commons

In utero & early life arsenic: increased cytokine 
profiles, and increased mortality from immune‐
related diseases even >40 years later.

iAs‐exposed during differentiation vs mature 
macrophages >> M1/M2 skewing
>> Reduced pro‐inflammatory cytokines
>> Increased pro‐inflammatory lipids

In utero (P9‐birth), no effect on ischemia

In utero (P9‐birth), no effect on airway resistance

In utero (P9‐birth) >> Reduced pro‐inflammatory 
cytokines
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