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Sulfur Mustard (SM)

Chemical warfare agent (blistering
or vesicating agent)

Recently used in Syria and ISIS
attacks

Military personnel.

Over 50% exposed have
respiratory effects

Associated with Gulf War lliness
/Chronic Multisymptom Disease

o >

US official: 'IS making and using chemical weapons in Iraq and Syria ...
https://www.bbc.com/news/world-us-canada-34211838 v

Sep 11, 2015 - There is a growing belief within the US government that the Islamic State militant group
is making and using crude chemical weapons in Iraq ...

US says Syria making new chemical weapons despite 2013 deal
https://www.apnews.com/.../US-says-Syria-making-new-chemical-weapons-despite-20... ¥
Feb 1, 2018 - US says Syria making new chemical weapons despite 2013 deal ... of Syria or Iraq,
the officials said the extremist group continues to use sulfur ...

ISIS suspected of mustard attack against US
and Iraqi troop

By Barba
Updatec
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SM Inhalation Exposure

Brain Injury:

= BBB Breakdown

=  Microbleeds and necrosis
present throughout the brain

=  Abnormalities in cerebellum and
hypothalamus

= Decrease in GSH

Cell death

o °
Sulfur Mustard%ﬁg

Lung Injury:

Laryngeal injury

Bronchial edema

Bronchiolitis obliterans

Damage to respiratory

barrier function

= Accumulation of
granulocytes and
macrophages

= Increase in pro-inflammatory
cytokines/chemokines

= Increase in PMNs

= Increase in oxidative stress

https://emergency.cdc.gov/agent/sulfurmustard/basics/facts.as

R oo https://www.va.gov/disability/eligibility/hazardous-materials-exposure/mustard-gas-lewisite
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https://emergency.cdc.gov/agent/sulfurmustard/basics/facts.asp
https://www.va.gov/disability/eligibility/hazardous-materials-exposure/mustard-gas-lewisite

Proposed Mechahisms of
Toxicity For Sulfur
Mustard

Oxidative Stress

ST

Alkylation Events Inflammation

Programmed Cell Death

Cell Death DNA alkylation Protein alkylation Epithelial Cell Mitochondrial Dysfunction Necrosis
g Immune Cell aac®

Damage

Oxidative Burst
P} »

o g
R RMA alkylation W
) o
Depletion of GSH
Protein cross-linkage
alters cell morphology * Widening intracellular spaces %
+  Cilia damage
+ Infiltration of inflammatory cells \

and resident tissue cell

Double Strand Slngle Strand
Break Break

| W

(active)

RNA damage

l activation ™
IDI IDI I[[[IJ.DI[ e ) Depletion of antioxidants ~ Inflammatory Cells
@& (active) . N
A
- S & .
NAD+ depletion Necrosis Macgophage  Neutrophil
(inactive) — _ = Inactivation of thiol groups & w0
E‘“ o 4 increase intracellular Ca2+

1B IL-13

Biochemical and Cellular-Molecular Mechanisms of Injury From Mustard Gas; Ghanei et al., 2016

A Review of Chemical Warfare Agents Linked to Respiratory and Neurological Effects Experienced in GWI: Cruz-Hernandez et al., 2022
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Mast Cells

Derived from stems
cells in the bone
marrow

Resident tissue cell
Skin, lung, GlI, eyes

Activation
IgE — Allergic
esponses
Non-IgE
SM unknown

Recruitment and
activation

of Pharmacy

-l Sciences

Early Phase Activation:
Degranulation (seconds)
Lysosomal Enzymes and Proteases
B-hexosaminidase

Tryptase

Chymase

Cathepsin B,C,D,E,L

Biogenic Amines

Histamine

Serotonin

Cytokines and Growth Factors
TNFa

IL-4,5,6

ST2/IL-33

FceR1/IgE

TLR

MRGPRX2 |&&

Late Phase Activation:

(minutes — hours)

Eicosanoid Formation (De novo synthesis)
Leukotrienes (LTB,, LTE,)

Prostaglandins (PGD,, PGE,)

Q™ Cytokines, Chemokines, and Growth Factors
OQ Q" 9 TNFa
' IL-4,5,6,13,17
bFGF
VEGF
TGFB

Mast Cells and Influenza A Virus: Association with Allergic Responses and Beyond; AC Graham 2015
Mast Cell: A Multifunctional Mast Cell; Krystel-Whittemore et al., 2016




The Importance Of Mast Cell Mediators

Promotion of Th2 response

Inhibition of Th1 response
Increased Treg cell functions by IL-10

Inhibition of Th17 response

tiL-6
t TLR2 and TLR4 y
: Inhibition of cytokine
Lo . roduction includin
t PGl,, PGE; \ p g
N TNFa and IL-6
r < ' T cell +Phagocytosis
#Nitric Oxide (NO)
Endothelial cell Macrophage JSUPGTOXide (Oz)
Enhanced migration
through TNF,G and CCL20 . o Recruitment of NK cells
~odl S ®e via release of CXCL8

_ {\l "-:j o < '... ® .. > Enhancement of NK

™ cell cytotoxicity

Dendrltlc cell / Mast cell \ Natural killer cell

t procollagen mRNA synthetase
® t fibroblast chemotaxis and proliferation
t collagen gel contraction
Smooth muscle cell

Promotion of smooth muscle differentiation

in airway to a more contractile phenotype
Fibroblast

Protective Role of Mast Cells in Primary Systemic Vasculitis: A Perspective; Springer et al., 2017
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Rationale: Why the mast cell in SM
exposure?
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SM exposure is reported
to induce mast cell
degranulation

Skaggs School of Pharmacy Inhalation of Sulfur Mustard Causes Long-term T Cell Dependent Inflammation: Possible role of Th17 cells in chronic lung pathology; Mishra et al., 2012

> and Pharmaceutical Sciences Sulfur mustard induced mast cell degranulation in mouse skin is inhibited by a novel anti-inflammatory and anticholinergic bifunctional prodrug; Joseph et al
niVER
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Nitrogen Mustard (NM): A Surrogate for SM

CH,

|
N

NM is commonly used as a
surrogate for SM

DNA alkylation inducing
damage

Similar pathology & immune
response in the lung

Been used as a
chemotherapeutic

Sulfur Mustard

Control Treated

Nitrogen Mustard

Control Treated

J Skaggs Schoal of Pharmacy Functional and inflammatory alterations in the lung following exposure of rats to nitrogen mustard; Sunil et al., 2014

cal Sciences

Chemical warfare agent and biological toxin-induced pulmonary toxicity: Could stem cells provide potential therapies?; Angelini et al., 2013



Hypothesis

SM Inhalation Exposure
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Inactivated mast cell Activated mast cell
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Damage in lung due to mast cell
activation as an initiating event

1 pro-inflammatory
cytokines/chemokines
1 PMNs and
macrophage

1 oxidative stress




Acute NM Exposure: In Vivo Methodology
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« Wild Type Mice (WT)
« Mast Cell Deficient Mice (MC Deficient)

« Control: PBS
* Dose: 0.125mg/kg NM

« 24-72 h

L & Skaggs School of Pharmacy
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Pulmonary Damage Characterized by H&E
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Significant lung injury is observed
in wild type that is largely absent in
mast cell deficient mice
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Skaggs School of Pharmacy Mast Cells Promote Nitrogen Mustard-Mediated Toxicity in the Lung Associated with Images were obtained using an Olympus light microscope at a 4x

and Pharmaceutical Sciences Proinflammatory Cytokine and Bioactive Lipid Mediator Production; Cruz-Hernandez A. et al., objective (indicated by 200 um scale) and a 20x objective (indicated
ANSGHUTZ MEGIGAL CAMPUS 2021 by 50 Mm Scale) (N=5-9/gr0up).




Characterization of Lung Lavage Fluid

Control (PBS) 0.125 mg/kg NM
: e P T g
Total Cell Count : 4 e ol o P
1x106+ % k% %k X X% %
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Mast Cells Promote Nitrogen Mustard-Mediated Toxicity in the Lung Data is presented as the mean + SD (n=4-6 animals/ group), compared to fold change

Associated with Proinflammatory Cytokine and Bioactive Lipid Mediator ~ from control (normalized to 1); Two - way ANOVA with Tukey’s post hoc test, *p < 0.05, **
Production; Cruz-Hernandez A. et al., 2021 p <0.01, "™ p <0.001, *** p <0.0001



Proinflammatory Gene

MRNA expression
(fold change from vehicle control)

15710.0682

hi X e Wild Type
o
@ ® MC Deficient
1 U- [ i
@ 0 o

Tnfa

I-33  I-18
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Mast Cells Promote Nitrogen Mustard-Mediated Toxicity in the Lung

Production; Cruz-Hernandez A. et al., 2021

EXxpression

Persistent uprequlation in ptgsZ2,
il-6, and tnfof) J P

Macrophages and monocytes
produce these but in the
absence of mast cells
upregulation in these are not
observed

Data is presented as the mean + SD (n=3-8 animals/ group), compared to fold change from
Associated with Proinflammatory Cytokine and Bioactive Lipid Mediator control (normalized to 1); Two - way ANOVA with Tukey’s post hoc test, *p <0.05, ** p <
0.01, ***p <0.001, **** p < 0.0001
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Prostaglandin D,

In the lung, PGD, is primarily
produced by activated mast cells,
and to a smaller degree by a

subset of T cells (T helper cell 2: g % 20-

Th2) and dendritic cells

Crucial for the initiation and
progression of lung inflammation

Bronchoconstriction and asthma
pathogenesis

g

s School of Pharmacy Mast Cells Promote Nitrogen Mustard-Mediated Toxicity in the Lung
harmaceutical Scie

na | Sciences Associated with Proinflammatory Cytokine and Bioactive Lipid Mediator
Production; Cruz-Hernandez A. et al., 2021
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Data is presented as the mean + SD (n=4-6 animals/ group); Two -
way ANOVA with Tukey’s post hoc test, *p <0.05, ** p<0.01, *** p <
0.001, **** p < 0.0001




Does NM Activate Mast Qells In BVitro?

Inactivated mast cell

C57BL/6J

Skaggs School of Pharmacy
Phar cal Sciences

DICAL CAMPUS

ANSCHUTZ

Activated mast cell

B-hexosaminidase release

PGD, (pg/mL)
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