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Why is the prevalence of 
autoimmune/allergic diseases increasing?

Bach. NEJM. 2002. Platts-Mills. JACI. 2015.



Increases tend to occur only in modern 
industrialized environments

Shapira. Nat Rev Rheum. 2010 Warren. Cur Allergy Asthma Rep. 2020



Increases tend to occur only in modern 
industrialized environments



Incomplete penetrance and a role for the 
“environment”?

Wanstrat. Nature Immunol. 2001. Sicherer. JACI. 2000.



Divergent trajectories in MZ twins in the 
same environment
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The curious case of LD50



LD50: Are there differences in the 
environment?

Anaphylactic shock

The Paradox of Lethal Dose 50

Septic shock



Schrôdinger’s Cat
Our Mice

E. Schrôdinger. Naturwissenschaften. 1935. 
Schleich et al. Applied Physics B. 2016.



If the “environment” matters, what in it, exactly, 
matters?

Using LD50 models pre-clinically, what, exactly, are we 
modeling?

Are disease trajectory divergences random or 
knowable?

Questions



Approach #1: Hypothesis-driven “screen” of 
the (micro)environment



Maximization of acute psychological stress 
leads to LD100 

Unpublished.



Acute psychological stress induces 
cytokines

Reina 
Desrouleaux

Hua 
Qing



Acute Stress Increases Immunosuppressants

Adapted from:
Wang et al. Science 2019.



Paradox: Acute Stress Worsens Inflammation

Multiple Sclerosis Cancer Asthma

Liu et al. Am J Respir Crit
Care Med 2002. 

Satin et al. Cancer. 2009.Mohr et al. BMJ. 2009.

“To avoid the fever, one should guard himself against his own anger.”  Hippocrates 4th Century



Hepatic IL6 Signaling is Required for Flight 
Behavior

Qing, Desrouleaux, et al. Unpublished






Psychological stress induces adaptive 
inflammation (that comes at a cost) 

Reina 
Desrouleaux

Hua 
Qing

Qing, Desrouleaux et al. Cell. 2020.



Approach # 2: ”Reverse Engineering” LD50

Challenge

Gao, Israni Winger et al. In revision.

Michael Gao

Kavita 
Israni-Winger



Approach #3: “Screening” the modern 
environment for adjuvants



Adjuvants in broad strokes

Type I Type II
Complete Freund’s Adjuvant Aluminum salts (Alum)

LPS Cholera Toxin

Squalene Chitin

Flagellin Papain

Poly(I:C) Plant lectins

Lipid A analogues – MPL, RC529, GLA Ara h 1

Imiquimod Bioactive lipids

Emulsions (MF59)



Cholera and food allergy prevalence don’t overlap

Warren et al. 
Current Allergy. 
2020.

WHO

Food Allergy

Cholera



Type I Type II
Complete Freund’s Adjuvant Aluminum salts (Alum)

LPS Cholera Toxin

Squalene Chitin

Flagellin Papain

Poly(I:C) Plant lectins

Lipid A analogues – MPL, RC529, GLA Ara h 1

Imiquimod Bioactive lipids

Emulsions (MF59)

?

Molecular features (if there are one/many) that 
confer allergic adjuvancy are unknown

Pattern Recognition Receptors



Something new?

Type I Type II
Complete Freund’s Adjuvant Aluminum salts (Alum)

LPS Cholera Toxin

Squalene Chitin

Flagellin Papain

Poly(I:C) Plant lectins

Lipid A analogues – MPL, RC529, GLA Ara h 1

Imiquimod Bioactive lipids

Emulsions (MF59) New Environmental Factor?

Relatively new xenobiotic in 
industrialized nations

Widely 
used

Associated with allergic 
conditions



Approach #3: “Screening” the modern 
environment

Antigen 
(peanut, dust mite, ovalbumin, 

ovomucoid, etc.)

+

Manmade xenobiotics

=

Allergic sensitization 

Antigen 
(peanut, dust mite, ovalbumin, 

ovomucoid, etc.)

+

Manmade xenobiotics

=

Allergic sensitization 

Pre-1960 Post-1960



Approach #3: “Screening” the modern 
environment

Anna Eisenstein

Brandon Hilliard

Dan Waizman
Platts-Mills. JACI. 2015.



Approach #3: “Screening” the modern 
environment

Anna Eisenstein

Brandon Hilliard

Dan Waizman Bastardizing (mea culpa) the beautiful figure from Platts-Mills. JACI. 2015.



The Screen



The Screen



Some NSAIDs are sufficient for allergic 
sensitization 

Luan, Hilliard et al. Cell. 2019
Eisenstein, Hilliard et al. Immunity. 2022.
Eisenstein et al. In Revision.



A subset of NSAIDs also activate xenobiotic 
defense pathways

Eisenstein, Hilliard et al. Immunity. 2022.



NRF2/KEAP1 defends against excess electrophiles



NRF2-activatings NSAIDs are allergic 
adjuvants

Luan, Hilliard et al. Cell. 2019
Eisenstein, Hilliard et al. Immunity. 2022.
Eisenstein et al. In Revision.



Identification of food additives that are 
sufficient as allergic adjuvants

Eisenstein et al. In Revision.



In vitro screen of NRF2 activators identify 
known and novel activators

Eisenstein et al. In Revision.



The NRF2 activator tBHQ is sufficient as an 
allergic adjuvant 

Eisenstein et al. In Revision.



Benzoic acid (novel NRF2 activator) is an 
allergic adjuvant

Eisenstein et al. In Revision.



Immune memory formation requires 
temporal proximity



Sensitization occurs with other antigens, 
independent of microbiome, sex, genotype

Eisenstein et al. In Revision.



How: The NRF2 activators are sufficient, but 
not necessary, but make things worse…

Eisenstein et al. In Revision.



COX isozymes aren’t necessary either…

Eisenstein et al. In Revision.

Intestinal epithelium Myeloid



Back to the drawing board looking for the 
sensor

All cytosolic proteins with reactive thiols



TRPA1: Irritant sensor through thiol sensing 



NRF2 activators are TRPA1 activators 
(electrophiles and reactive cysteins)

Ibuprofen AITC

Eisenstein et al. In Revision.
With Gracheva Lab



TRPA1 is necessary and sufficient for 
xenobiotic sensitization

Eisenstein et al. In Revision.



TRPA1 is expressed on neurons and 
enteroendocrine cells

TRPA1 TRPA1
Mediate:
Itch
“Wasabi” burn/pain
Noxious cold aversion

Mediate:
- Mucus 
production
- Increased 
intestinal 
motility
- Increased tight 
junctions

SerotoninNeuro-
transmission

TRPV1



Neuronal TRPA1 (via TRPV1 deletion) is 
dispensable 

Eisenstein et al. In Revision.



EEC deletion of TRPA1 phenocopies whole 
body knockout

Eisenstein et al. In Revision.
With Wu lab (NIH)



Serotonin is required for sensitization

Eisenstein et al. In Revision.
With Wu lab (NIH)



Summary Part I

Eisenstein et al. In Revision.

Sensitization

?



Where? Ibuprofen induces NRF2 program 
and alarmins in the ileum

Eisenstein et al. In Revision.



TSLP is necessary and sufficient for 
xenobiotic sensitization

Eisenstein et al. In Revision.
Waizman et al. In Revision.
Gift of Rich Locksley (UCSF)



TSLP is necessary and sufficient for 
xenobiotic sensitization (generally)

Eisenstein et al. In Revision.
Gift of Rich Locksley (UCSF)



TSLP signals on dendritic cells and CD4 T 
cells to direct allergic memory

Eisenstein et al. In Revision.
Gift of Steven Ziegler (Benaroya)



TRPA1 is necessary and sufficient for TSLP 
induction

Eisenstein et al. In Revision.



Identification of food additives that are 
sufficient as allergic adjuvants

Eisenstein et al. In Revision.

Mucus, expulsion, xenobiotic
detoxification, anti-oxidant

BenefitCost

Memory of coincident protein 
(sensing by proxy)



How about in people? NSAID use is 
associated with anaphylaxis in claims data

Eisenstein et al. In Revision.
With Abbas Shojaee

Non-NSAID User 
(%)

NSAID User (%) P value

Total Cohort 8,849,067 24,198

Asthmatics 595,238 (6.7) 3,062 (12.6) <0.001

Acute asthma 
exacerbation

171,740 (1.9) 777 (3.2) <0.001

Anaphylaxis 5,680 (0.06) 34 (0.14) <0.001

Allergy 67,301 (0.8) 198 (0.8) 0.315

Atopic Dermatitis 10,767 (0.1) 35 (0.1) 0.352

Medicaid data 1990-2015 CA and FL



Case control survey study at Yale

Eisenstein et al. In Revision.
With Gary Soffer



Odds 
Ratio

95% Confidence 
Intervals

n P value

Atopic Dermatitis 5.07 1.98-12.95 86 0.0007 
Fever/pain 
medication use

2.14 0.88 – 5.23 82 0.094 

Exposure to store-
bought food

0.70 0.25-1.95 78 0.487

Exposure to formula 1.16 0.38-3.50 84 0.790

Case control survey study at Yale: 
Interim Analyses



Open Question

Type I Type II
Complete Freund’s Adjuvant Aluminum salts (Alum)

LPS Cholera Toxin

Squalene Chitin

Flagellin Papain

Poly(I:C) Plant lectins

Lipid A analogues – MPL, RC529, GLA Ara h 1

Imiquimod Bioactive lipids

Emulsions (MF59)

Pattern Recognition Receptors TRPA1/NRF2, others?



E. Schrôdinger. Naturwissenschaften. 1935  
Schleich et al. Applied Physics B. 2016.

If the “environment” matters, 
what in it, exactly, matters?

Are disease trajectory 
divergences random or 
knowable?

Open Questions
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