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Background: Given the increasing prevalence of wildfires
worldwide, understanding the effects of wildfire air pollutants
on human health—particularly in specific immunologic
pathways—is crucial. Exposure to air pollutants is associated
with cardiorespiratory disease; however, immune and epithelial
barrier alterations require further investigation.

Objective: We sought to determine the impact of wildfire smoke
exposure on the immune system and epithelial barriers by using
proteomics and immune cell phenotyping.

Methods: A San Francisco Bay area cohort (n = 15; age 30 = 10
years) provided blood samples before (October 2019 to March
2020; air quality index = 37) and during (August 2020; air
quality index = 80) a major wildfire. Exposure samples were
collected 11 days (range, 10-12 days) after continuous exposure
to wildfire smoke. We determined alterations in 506 proteins,
including zonulin family peptide (ZFP); immune cell
phenotypes by cytometry by time of flight (CyTOF); and their
interrelationship using a correlation matrix.
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Results: Targeted proteomic analyses (n = 15) revealed a
decrease of spondin-2 and an increase of granzymes A, B, and
H, Kkiller cell immunoglobulin-like receptor 3DL1, IL-16, nibrin,
poly(ADP-ribose) polymerase 1, C1q TNF-related protein,
fibroblast growth factor 19, and von Willebrand factor after 11
days’ average continuous exposure to smoke from a large
wildfire (P <.05). We also observed a large correlation cluster
between immune regulation pathways (IL-16, granzymes A, B,
and H, and Kkiller cell immunoglobulin-like receptor 3DL1),
DNA repair [poly(ADP-ribose) 1, nibrin], and natural Killer
cells. We did not observe changes in ZFP levels suggesting a
change in epithelial barriers. However, ZFP was associated with
immune cell phenotypes (naive CD4*, T2 cells).

Conclusion: We observed functional changes in critical
immune cells and their proteins during wildfire smoke
exposure. Future studies in larger cohorts or in firefighters
exposed to wildfire smoke should further assess immune
changes and intervention targets. (J Allergy Clin Immunol
Global 2023;2:100093.)

Key words: Wildfire exposure, air pollution, proteomics, immune
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INTRODUCTION

Wildfires describe uncontrolled vegetation fires from forest,
grassland, brushland, or combustible vegetation and can cause
significant damage to the environment, infrastructure, and human
life. With climate change, wildfire events are becoming more
extreme in terms of burned area, duration, and intensity. Wildfires
add significantly to air pollution and greenhouse gases, further
exacerbating climate change and possibly leading to a reinforcing
feedback loop.' Extensive wildfires took place in Turkey, Greece,
Russia, and California in 2021, and were linked to global warm-
ing and climate change.2 Also, in California, severe wildfires are
becoming more commonplace. While studies of wildfire smoke
and its health effects are limited compared to the literature on
ambient air pollution, research has shown both short- and long-
term negative health effects from wildfire smoke exposure.”

Wildfire smoke can contain carbon dioxide, carbon monoxide,
particulate matter (PM), complex hydrocarbons, nitrogen oxides,
sulfur oxides, aldehydes, toxic metals such as Pb, Hg, and As,
micro- and nano-scale plastics, trace minerals, and several other
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Abbreviations used
AQIL: Air quality index

CyTOF: Cytometry by time of flight
NK: Natural killer

PARP-1: Poly(ADP-ribose) polymerase 1
PM: Particulate matter
ZFP: Zonulin family peptide

toxic, inflammatory, and carcinogenic compounds.” The health
impacts of wildfire smoke vary depending on the magnitude of
the toxic pollution, the fuel source, the chemical makeup, and
the combustion condition phases of the smoke. Fine and ultrafine
particles are small enough to reach pulmonary alveoli and access
the bloodstream, thus aggravating the respiratory, neurologic, and
cardiovascular system symptoms and also affecting fetal growth.”
Wildfire smoke also has been shown to disrupt the skin epithelial
barrier and may indirectly contribute to tissue inflammation in
many chronic noncommunicable diseases, as proposed by the
epithelial barrier hypothesis.”’ The data are scarce, and metabolic
and immune alterations after air pollution inhalation specific to
wildfire smoke require further investigation.

A proposed mechanism suggests that many of the adverse health
effects are mediated through immunologic changes induced by
smoke. Previous investigations have shown that Toll-like receptors,
reactive oxygen species, and aryl hydrocarbon receptors are
activated in wildfire smoke exposure.®’ We have previously evalu-
ated immune changes in children aged 7 to 8 years after wildfire
exposure and found lower levels of Ty1 cells, which modulate im-
mune responses, compared to children exposed to smoke from a pre-
scribed burn.'” Moreover, a retrospective analysis of participants
exposed to wildfire smoke showed that such exposure increased 2
key proinflammatory markers (C-reactive protein and IL-1[3)
compared to controls.'" Also, our group previously published data
showing increases in immune biomarkers and DNA methylation
of immunoregulatory genes during wildfire smoke exposure. 11

In this study, we assessed the impact of wildfire smoke
exposure on the immune system (determined by high-
throughput proteomics and immune cell phenotyping) before
and during exposure to wildfire smoke. Furthermore, we explored
possible associations with epithelial barrier disruption by quan-
tifying zonulin, which plays an important pathogenic role in a
variety of diseases by regulating tight junctions,'” which have
been correlated with inflammatory pathways.'®

Zonulin constitutes a family of structurally related proteins
called the zonulin family peptides (ZFPs).'” Zonulin can be
secreted by the liver, intestine, lung, and several other tissues. It cir-
culates in the blood and binds to receptors on epithelial cells. " Most
studies have been performed in the gut, but research is open to other
epithelial barriers. Zonulin binds to its target, protease-activated
receptor 2, and transactivates the epidermal growth factor receptor,
which regulates epithelial barriers. The activation of these 2
receptors decreases transepithelial electrical resistance, thus sug-
gesting increased barrier permeability.'” Abnormal zonulin secre-
tion has been described in many diseases, including inflammatory
bowel disease, celiac disease, diabetes, and mental disorders.”’ In
addition, it has been reported that there is a potential link between
high zonulin levels and coronavirus disease 2019 severity.”'
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The institutional review boards at Stanford University
approved the protocol of this study (approval 51427). We
conducted experiments on cryogenically stored plasma and
peripheral blood mononuclear cell samples from 15 participants
collected before (October 2019 to March 2020; air quality index
[AQI] = 37) and during (August 2020; AQI = 80) a major wild-
fire. Exposure samples were collected 11 days (range, 10-12 days)
after continuous exposure to wildfire smoke from a large wildfire
in the San Francisco Bay area (Table E1). We conducted plasma
proteomic analyses, peripheral blood mononuclear cell CyTOF,
and plasma zonulin family peptide (ZFP) measurements on
each sample.

RESULTS AND DISCUSSION
Proteomic changes during wildfire smoke exposure
Targeted proteomic analyses by proximity extension assay
considered the differential protein expression analysis across
baseline versus during wildfire exposure (n = 15). Of 506 bio-
markers, the results revealed a decrease of spondin-2 and in-
creases in complement Clq TNF-related protein, fibroblast
growth factor 19, granzymes A, B, and H, killer cell
immunoglobulin-like receptor, nibrin, poly(ADP-ribose) 1
(PARP-1), and von Willebrand factor during exposure (P <.05)
(Fig 1).

Mass cytometry by time of flight

When considering different immune cell phenotypes and
subsets, our analysis showed that natural killer (NK) cells and
regulatory T cells marginally increased during exposure (P =
.078), as shown in Table I. We did not observe any significant
changes in T cells, B cells, monocytes, dendritic cells, or type 2
innate lymphoid cells.

Zonulin family peptide

Zonulin has been suggested to be a potential factor in human
lung pathophysiology.”” Studies have suggested that it may be
involved in the disassembly of tight junctions in the lungs in cases
of acute lung injury and acute respiratory distress syndrome.”” In
addition to increased lung permeability, increased intestinal
permeability has also been implicated in other lung diseases
like asthma.>** In this study, we measured levels of ZFP as a
marker for intestinal permeability, and we found no significant in-
crease during exposure (Table I). However, ZFP was correlated
with immune cell phenotypes (naive CD4" and Ty2 cells).
Some asthmatic patients have been found to have increased levels
of serum zonulin, and about 40% have increased intestinal perme-
ability.”® These findings suggest that both lung and intestinal mu-
cosa may be routes through which specific antigens can access the
immune system and lead to lung inflammation. Fig E3 (available
in this article’s Online Repository at www.jaci-global.org) shows
the correlation heat map between ZFP and proteins and Fig E4
(also in the Online Repository) for the correlation heat map be-
tween ZFP and immune cell types.

Effects of wildfire smoke

Overall, the difference in air quality due to wildfire smoke
exposure was determined by AQI, as per the US Environmental
Protection Agency guideline definition, shown in Fig El in the
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FIG 1. Proteomic changes during wildfire exposure. Volcano plot of statistical significance (y-axis) against
average fold changes in protein concentration (506 proteins) before and during wildfire exposure (x-axis).
Horizontal dotted line represents threshold for statistically significant changes (defined as P<.01). Vertical
dotted lines reflect cutoffs for fold changes; proteins at left side of left cutoff decreased by >10%, whereas
proteins at right side of right cutoff increased by >10%. Red and blue dots show proteins that decreased or
increased, respectively. CTQTNF1, Complement C1q TNF-related protein 1; FGF-19, fibroblast growth factor
19; GZMA/B/H, granzyme A/B/H; KIR3DL1, killer cell immunoglobulin-like receptor 3DL1; NBN, nibrin;
SPON2, spondin-2; vWF, von Willebrand factor.

TABLE I. CyTOF and ZFP data in 14 subjects before and during wildfire exposure
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Characteristic

P value

Before exposure

After exposure

Fold change

Matched pairs

Fold change

T cells (CD3") (%)

CD4™" cells (%)
Tyl cells (%)
Ty2 cells (%)

Regulatory T cells (%)

CD8" cells (%)

CD47/CD8 ™ cells (%)

B cells (%)
NK cells (%)
ILC2s (%)

Dendritic cells (%)

Monocytes (%)
ZFP (ng/mL)

52.5 (33.7-61.9)
32.4 (14.7-52.4)
9.1 (4.4-15.8)
1.0 (0.01-3.3)
0.5 (0.2-0.9)
12.9 (5.6-20.6)
3.4 (1.5-8.6)
6.9 (2.89.1)
10.8 (5.5-23.5)
0.17 (0.05-0.57)
0.3 (0.1-0.8)
13.9 (8.3-26.0)
278 (0.25-4.96)

51.1 (41.8-58.9)
32.8 (18.5-0.52)
9.1 (5.9-15.7)
0.8 (0.05-3.7)
0.6 (0.3-1.0)
12.7 (4.4-20.8)
33 (1.8-8.9)
6.0 (2.9-8.6)
13.6 (5.9-23.2)
0.2 (0.04-0.9)
0.2 (0.1-0.6)
14.9 (11.3-20.0)
3.62 (0.25-4.95)

0.98 (0.85-1.33)
0.98 (0.79-2.10)
0.87 (0.63-2.50)
1.22 (0.67-24.3)
1.09 (0.66-2.77)
0.97 (0.79-1.74)
0.91 (0.56-1.39)
0.99 (0.69-1.83)
1.11 (0.84-1.46)
1.07 (0.37-2.69)
1.11 (0.46-2.23)
1.07 (0.57-2.39)
1.00 (0.52-12.5)

.80
.86
.62
.099
15
91
91
18
.16
51
.98
.83
41

46
.32
52
18
.078
.59
.68
.62
.078
.20
48
.36
18

Values are presented as medians (10th-90th percentiles). Sample size was 14 (1 subject was excluded from analysis because of lower total cell counts). ILC2, type 2 innate

lymphoid cell.
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TABLE Il. Pathways of proteins with significant change during wildfire exposure

Change Pathway Protein Function
Proteins that Hemostasis CI1QTNF1  Suppresses platelet activation and aggregation; stimulates aldosterone secretion.
increased
VWF Maintains hemostasis; promotes adhesion of platelets to sites of vascular injury by forming molecular
bridges between subendothelial collagen matrix and platelet—surface receptor complex.
Growth FGF-19 Suppresses bile acid biosynthesis; stimulates glucose uptake in adipocytes; member of heparin-binding
factor growth factor family of proteins.
Immune GZMA Protease that mediates pyroptosis and targets cell death by cytotoxic T cells and NK cells.
regulation
GZMB Protease that mediates pyroptosis and targets cell death by cytotoxic T cells and NK cells; thought to be
involved in the pathogenesis of COPD.
GZMH Cytotoxic chymotrypsin-like serine protease; probably necessary for target cell lysis in cell-mediated
immune responses.
IL-16 Cytokine-mediated immune response: stimulates migratory response in CD4* lymphocytes, monocytes, and
eosinophils.
KIR3DL1  Role in regulation of immune response (NK cell-mediated cytotoxicity).
DNA NBN DNA integrity and genomic stability; component of MRE11-RADS0-NBN complex, which plays a crucial
damage/ role in cellular response to DNA damage and maintenance of chromosome integrity.
repair
PARP-1 Poly-ADP-ribosyl transferase with key role in DNA repair and methylation.
Protein that Growth SPON2 Cell adhesion protein; essential in initiation of innate immune response; represents unique pattern-
decreased factor recognition molecule for microbial pathogens.

Threshold for statistically significant changes was P <.001. CIQTNF1, Complement C1q TNF-related protein 1; COPD, Chronic obstructive pulmonary disease; FGF-19,
fibroblast growth factor 19; GZMA/B/H, granzyme A/B/H; KIR3DLI, killer cell immunoglobulin-like receptor 3DL1; NBN, nibrin; SPON2, spondin-2; vWF, von Willebrand factor.
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FIG 2. Pearson correlation matrix between changes in identified proteins, change in ZFP, and change in
immune cell phenotypes during wildfire exposure. Values represent absolute Pearson r correlation coeffi-
cients between log,-transformed fold changes. Blue and redindicate direct and reverse correlations, respec-
tively. CTQTNF1, Complement C1q TNF-related protein 1; FGF-19, fibroblast growth factor 19; GZMA/B/H,
granzyme A/B/H; KIR3DL1, killer cell immunoglobulin-like receptor 3DL1; NBN, nibrin; SPON2, spondin-2;
vWF, von Willebrand factor.
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FIG 3. Scatterplots for strongly correlated changes in proteins that increased during wildfire exposure
(Pearson correlation coefficient > 0.90). Log2FC, Log,-transformed fold change; NBN, nibrin.

Online Repository at www.jaci-global.org. We found significant
changes in protein expression and immune cell types associated
with wildfire smoke exposure. This preliminary small-cohort
study suggests that smoke exposure due to wildfire smoke air
pollution may be associated with increases of multiple markers,
potentially affecting both short- and long-term health.

The effects of smoke and air pollution on the immune
system are thought to be mediated by oxidative stress,
apoptosis, inflammation, and immune-mediated injury while
releasing proinflammatory and vasoactive factors that could

contribute to cardiorespiratory pathology.”’’ Our current find-
ings show that wildfire exposure is associated with markers
heavily involved in inflammatory processes as well as immune
responses (with links to respiratory inflammation, asthma/
chronic obstructive pulmonary disease), DNA repair, and he-
mostasis (Table II).

We used CyTOF to measure immune cell expression to
associate cellular expression with wildfire exposure on unsorted
cells. A uniform manifold approximation and projection
(aka UMAP), shown in Fig E2 in the Online Repository at
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www.jaci-global.org, highlights the different immune cell clus-
ters predicted using FlowSOM from the given marker panel.
These clusters belong to different cell types that were further eval-
uated for their association with changes in each relevant protein
marker and ZFP during wildfire exposure. In cases of lung injury
or inflammation, the integrity of the tight junctions may be
compromised, leading to increased permeability of the airway
walls and infiltration of immune cells, including NK cells. In sum-
mary, we found that NK and regulatory T-cell frequencies were
marginally affected by acute exposure to wildfire air pollution.

Correlation matrix between changes in identified
proteins, cell phenotypes, and ZFP

On the basis of the correlation matrix findings (Fig 2), changes
in immune cell phenotypes mostly clustered together; however,
ZFP was associated with immune cell phenotypes showing signif-
icant correlations with naive CD4" and Ty2 cells. ZFP is a gut
permeability marker that has been linked to obesity, diabetes,
high body mass index, and even severe coronavirus disease
2019.'*" Our findings further support the notion that ZFP is asso-
ciated with immune responses and could play a role in signaling
inflammation after skin barrier disruptions.'” However, a study
using our ELISA kit found it targets a group that may be structur-
ally and functionally related to zonulin rather than a known pre-
cursor.””! Nevertheless, the data from that study also indicated
that the protein concentrations measured were associated with
obesity and metabolic traits, warranting the need for further
studies.

The largest cluster included protein changes that suggest a
correlation between immune regulation pathways (IL-16, gran-
zymes A, B, and H, and killer cell immunoglobulin-like receptor
3DL1), DNA repair (PARP-1, nibrin), and NK cells. The
cytotoxic activity of NK cells is mediated by the release of
granzymes, and the killer cell immunoglobulin-like receptor
3DL1 receptor has functional consequences in terms of NK cell
recognition of targets, thus inducing apoptosis.’>*> Fig 3 shows
the correlation plots between the changes with the highest R
coefficients.

In cell-culture experiments, the release of IL-16 in response to
coarse PM (PM, 5.10) suggests that pollution particles may pro-
mote antigen presentation and recruitment of T-helper lympho-
cytes.”* Another study showed that PM enhances the activation
of caspases followed by the activation of PARP-1 in bronchial
epithelial cells, triggering apoptosis.”” Furthermore, T cells stim-
ulated with PM,s in the presence of macrophages present
elevated granzyme expression.”® This might explain our findings
of increased IL-16, PARP-1, and granzyme levels.

To our knowledge, ours is the first study to comprehensively
immunophenotype the same group of participants before and
during exposure to wildfire smoke. Also, the timing of the wildfire
exposure was consistent (11 days; range, 10-12 days). There are
limitations to the broad-based conclusions we can draw because
of our small sample size (n = 15). AQI was based on the daily
average using the same continuous ambient monitoring station
for all participants, which assumes that all participants were
exposed to the same amount of wildfire smoke.

The fold changes in the cell types and the proteins of interest on
wildfire exposure were not significantly different between
participants with and without asthma (P > .05 for all
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comparisons), except potentially for complement Clq TNF-
related protein 1 (P = .051). The small sample size does not
permit adequate investigation of the association between asthma
and outcomes; for this, further research is warranted. Also,
within-subject studies are susceptible to bias because an individ-
ual’s initial physiologic outcome value can influence the extent
and direction of postintervention responses; however, we only
quantitated biological markers, so it is unlikely that the Haw-
thorne effect could be inducing these types of significant changes
in their immune markers. Even with these limitations, we found
significant differences over time. Further studies in cohorts
exposed to wildfire smoke will be needed to test longitudinal im-
mune changes during and after wildfire smoke exposure.
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