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Abstract

Mothers living near high-traffic roads before or during pregnancy have increased odds of having children with
asthma. Mechanisms are unknown. Using a mouse model, here we showed that maternal exposure to diesel
exhaust particles (DEP) predisposed offspring to allergic airway disease/AAD (murine counterpart of human
asthma) through programming of their NK cells; predisposition to AAD did not develop in ‘DEP’ pups that
lacked NK cells and was induced in normal pups receiving NK cells from wild type ‘DEP’ pups. “DEP’ NK
cells expressed GATA3 and co-secreted IL-13 and the ‘killer’ protease granzyme B in response to allergen
challenge. Extracellular granzyme B did not kill but instead it stimulated protease-activated receptor 2 (PAR2)
to cooperate with IL-13 in the induction of IL-25 in airway epithelial cells. Through loss-of-function and
reconstitution experiments in pups, we showed that NK cells and granzyme B were required for IL-25 induction
and activation of the type-2 immune response, and IL-25 mediated NK cell effects on type-2 response and
AAD. Lastly, experiments using human cord blood and airway epithelial cells suggested that DEP might induce
an identical pathway in humans. Collectively, we described an NK cell-dependent endotype of AAD that

emerged in early life as a result of maternal exposure to DEP.



Introduction

A proportion of patients with asthma develop symptoms of their disease very early in life, sometimes in its first
year (1). An early inception of a disease is usually linked to aberrant genes. However, genetics is unlikely to be
the sole driver of asthma. Gene variants identified by GWAS studies are considered to account for only a small
proportion of asthma prevalence (2). Studies on rare variants are predicted to offer only marginal improvement,
leaving majority of asthma unexplained (2, 3). Therefore, it is now acknowledged that development of
childhood asthma might be driven in substantial part by environmental exposures that children encounter either
in utero or during their first years of life. Environmental impact on childhood asthma was underscored by
seminal epidemiological studies that uncovered large differences in prevalence of childhood asthma between
countries/regions with more vs. less Westernized lifestyles (4, 5). Building on this, other studies showed that
childhood asthma positively correlated with exposure to urban air pollution and cigarette smoke and negatively,
with exposure to the farming environment (6-9). Urban air pollution includes particulate matter (PM) generated
by road traffic sources. The major constituents of traffic-related PM (up to 90%) are diesel exhaust particles
(DEP) (6). There is considerable evidence that inhaled DEP directly harm children’s lungs, activate their
immune system, facilitate allergic sensitization and asthma inception (6, 8-10). More recent data, emerging
from pregnancy cohort studies suggest that DEP may also act prenatally or even preconceptionally and have
transgenerational effects (11, 12). The risk of childhood asthma increases if mothers live close to major roads
and/or in areas with high levels of PMz 5 (PM < 2.5um) before and/or during pregnancy, or if DEP-linked
biomarkers are found in the cord blood. This is an important problem; maternal exposures affect embryos and
therefore may induce irreversible developmental damage and/or permanent long-lasting memory in offspring
cells and tissues, potentially harming more than postnatal exposures. Prompted by human association studies,
we used mouse models to show causative relationship between maternal exposure to DEP and offspring
predisposition to allergic airway disease/AAD (murine counterpart of human asthma) (13, 14). Then, using
these models, we began to study mechanisms. In this manuscript, we show that susceptibility to AAD in

offspring of DEP-exposed mothers is due to emergence of a unique and unexpected pathway linking NK cells



and their protease granzyme B with activation of airway epithelial cells. The key outcome is IL-25 production
by epithelial cells. NK cell-induced epithelial IL-25 activates pulmonary group-2 innate lymphoid cells (ILC2s)

and Th2 cells, leading to AAD.



Results

Maternal exposure to DEP enhances the type-2 immune response in offspring

Using mouse models, we previously showed that maternal exposure to DEP either before or during pregnancy
predisposed offspring to AAD (13, 14). For further studies, we chose the model with pre-pregnancy exposure.
We favored it over its alternative with exposure during pregnancy because the former was more reflective of the
human exposure that occurs randomly across the lifetime with no particular connection with pregnancy. In our
chosen model, C57BL/6 female mice received six intranasal (i.n.) applications of DEP or PBS before pregnancy
(see Supplemental Figure 1A for schematic illustration of the model). Two weeks after the final application,
females were mated with unexposed males. Pups were sensitized to ovalbumin (OVA) to initiate the allergic
response. Immunization included a single intraperitoneal (i.p.) injection of low dose OV A in alum on day 5
after birth. Separate sets of pups were injected with PBS. To elicit AAD, immunized pups were i.n. challenged
with OVA on days 23, 24 and 25. Pups receiving PBS on day 5 were challenged with PBS. All pups were
analyzed on day 28 after birth. The following groups of pups were studied: pups born to DEP mothers and
exposed to PBS (DEP-PBS pups) or OVA (DEP-OVA pups) after birth, pups born to PBS mothers and exposed
to PBS (PBS-PBS pups) or OVA (PBS-OVA pups) after birth. In PBS-OV A pups, AAD features (airway
hyperresponsiveness (AHR) to methacholine, eosinophils in the bronchoalveolar lavage (BAL) fluid,
peribronchial inflammation and goblet cell hyperplasia; ref. 13 and Figure 1A-C) were mild, reflecting
immaturity of the neonatal immune system. Preconceptional DEP greatly exacerbated these features, leading to
fully manifested AAD (ref. 13 and Figure 1A-C). To begin to address mechanisms of AAD intensification, we
analyzed the type-2 immune response in the lung (Figure 1D-J). We found that among all studied groups of
pups, DEP-OVA pups had the highest frequencies of TL-5* and IL-13" CD4 T cells in their lungs (Figure 1D, E)
and the highest level of OV A-specific IgE in the serum (Figure 1F). DEP-OVA pups also had the highest
frequencies of pulmonary IL25R* group 2 innate lymphoid cells/ILC2s (CD45 LinCD127 TL25R*ST2" cells
and CD45"Lin"CD127TL25R*ST2" cells ; Figure 1G, H), and the highest frequencies of pulmonary IL-5" and

IL-13" ILC2s (CD45"Lin"CD127*TL-5" cells and CD45 Lin"CD127 TL-13" cells; Figure 11, J). IL25R* ILC2s



and Th2 cells were also modestly increased in DEP-PBS pups (Figure 1E, H and J). IL25R-negative ILC2s
(CD45 Lin"CD127'TL25R"ST2" cells) were not affected by maternal exposure to DEP (Figure 1G, H). Of note,
our CD45/Lin/CD127/IL25R/ST2-based gating strategy accurately captured all ILC2s; CD45"Lin-
CDI127IL25R*ST2 cells, CD45"Lin"CD127TL25R*ST2" cells and CD45"Lin"CD127*IL25R"ST2" cells were
also positive for other ILC2 markers such as GATA3, CD25 and ICOS, and CD45 Lin"CD127"IL25R"ST2"

cells were negative or expressed very low levels of these markers (Supplemental Figure 1B).

Maternal signals prime offspring NK cells

ILC2s are not the only ILC subset in the lung. The most dominant subset, accounting for 10% pulmonary
lymphocytes are NK cells. We asked whether the maternal influence extends to this ILC subset as well. DEP-
OVA pups had more NK cells in the lung than PBS-OVA pups had (Figure 2A and Supplemental Figure 2A).
Compared to pulmonary NK cells from PBS-PBS and PBS-OVA pups, pulmonary NK cells from DEP-PBS and
DEP-OVA pups were more mature as illustrated by lower frequency of the CD11b-CD27" subset and higher
frequencies of CD11b*CD27- (Figure 2B, C and Supplemental Figure 2A), CD11b*CD27'KLRG1" and
CD11b"CD27'KLRGI1"Ly6C* (Figure 2D and Supplemental Figure 2A) subsets. Downregulation of CD27 and
induction of CD11b, KLRG1 and Ly6C are indicative of terminal maturation, development of NK cell memory,
and predictive of enhanced effector functions (15, 16). Indeed, pulmonary NK cells from pups of DEP exposed
mothers showed increased degranulation, denoting increased secretion of granule proteins including granzymes
(DEP-OVA pups, Figure 2E), and enhanced capacity to produce IL-5 and IL-13 (DEP-PBS and DEP-OVA
pups, Figure 2F). This was intriguing because NK cells are not generally thought to secrete type-2 cytokines;
instead they are the major sources of type-1 cytokines such as IFNy. Particularly interesting was production of
IL-5 and IL-13 by DEP-PBS NK cells. The result suggested that DEP-linked signals have capacity to induce
type-2 differentiation program in NK cells. In support of this hypothesis, DEP-PBS NK cells showed increased
expression of the transcriptional master-regulator of the type-2 polarization program, GATA3 (Figure 2G).
Collectively, our data indicated that maternal exposure to DEP imprinted a pro-allergic maturation program in

offspring NK cells.



NK cells drive the type-2 immune response and allergic airway disease

We were intrigued by NK cell activation in our model, because NK cells are not traditionally believed to
participate in asthma/AAD. We decided to investigate this further. To study importance of NK cells in type-2
response and AAD, we took three approaches. In the first approach, we used the Ner/'“°R26P™ model of NK
cell deficiency (17). The Ncr1“" knock-in allele has the YFP-IRES-Cre cassette inserted into the 3
untranslated region of the Ncrl gene (encoding the NKp46 protein), enabling coordinated transcription of Cre
and endogenous Ncrl. Ncrl is one of the most specific genes of the NK cell lineage (17, 18). In our model,
91.36+1.42% of lung NKp46* cells expressed NK1.1 and lacked CD3 fitting into the traditional definition of
NK cells (Supplemental Figure 2B). Thus, our results confirmed previous reports on the high degree of co-
expression between NKp46 and other markers of NK cells, supporting the choice of Nerl'“"¢-based strategy for
deletion of NK cells. The other element of the NK cell deletion strategy is the R26°™ allele. This allele has the
diphtheria toxin A (DTA) gene and the upstream loxP-flanked STOP codon inserted into the ubiquitously-
expressed ROSA26 locus. STOP codon prevents DTA transcription. A cross of Ncr1'“" to R26P™ mice enables
excision of STOP by Cre and transcription of DTA in NKp46™ cells. As a result, NKp46* cells are killed leaving

iCre/* mothers were mated with unexposed R26P™4/PT4

other cells intact. In our experiment, DEP-exposed Ncr/
fathers to generate NK cell-deficient Ner 17 *R26P™* and NK cell-sufficient R26°™* littermates. All pups
were immunized and challenged with OVA. Ner1'€¢*R26°™* pups lacked NK cells but had normal
frequencies of NKT cells and conventional CD3*NK1.1- T cells (Supplemental Figure 2C, D). NK cell
deficiency led to marked reduction in pulmonary IL-5 and IL-13 (Figure 3A, B), IL25R" and type-2 cytokine®
ILC2s (Figure 3E, F), IL-5" and IL-13" CD4 T cells (Figure 3C), OVA-specific IgE in the serum (Figure 3D)
and all features of AAD, including airway hyperresponsiveness (AHR) to methacholine (Figure 3G,
Supplemental Figure 2E), eosinophils (Figure 31, Supplemental Figure 2F), peribronchial inflammation (Figure
3H) and goblet cell hyperplasia (Figure 37J).

In addition to being expressed by NK cells, NKp46 is also detected on few rare lymphocyte subsets such as

ILCls, NKp46" ILC3s and a minute fraction of NKT cells. Consistent with this, Ncr1/"*R26°™/* mice lack

ILC1s and NKp46" ILC3s (19). To assure that the observed effects of NKp46™ cells on AAD represented effects
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of conventional NK cells and not the effects of NKp46* ILC1/ILC3/NKT cells, we performed two experiments.
Conventional NK cells can be distinguished from ILC1/ILC3s and NKT cells by expression of CD127 and CD3
by ILC1/ILC3s and NKT cells, respectively. Building on this, to exclude roles of NKp46™ ILCs and NKT cells,
we reconstituted Ner 1" R26P™* pups with CD127- NK cells (see Supplemental Figure 3B for diagram of the
experimental strategy). To purify CD127 NK cells, we used the negative selection-based Miltenyi NK Cell
Isolation Kit that included anti-CD3, and was additionally supplemented by us with anti-CD127. The purified
cell population was devoid of NKT cells (NK1.1°CD3"), ILC1s (CD45"Lin"CD127 "Eomes T-bet " NKp46©),
NKp46* and NKp46 ILC3s (CD45Lin'CD127* RORyt"NKp46* and CD45 Lin"CD127" RORyt"NKp467) and
ILC2s (CD45"LinCD127"NKp46-GATA3™") (Supplemental Figure 3A). Transfer of CD127- NK cells from NK
cell-sufficient DEP-OVA pups into NK cell-deficient Ner1'“¢*R26P™* DEP-OV A pups led to complete
reconstitution of IL25R* ILC2s (Figure 3K) and features of AAD (Figure 3L-N), supporting our conclusions on
dependence of these traits on conventional NK cells and underscoring lack of meaningful involvement of
NKp46* ILC1/ILC3s and NKT cells.

Lastly, we used the anti-asialo-GM1 antiserum to deplete NK cells (diagram of the experimental strategy in
Supplemental Figure 3C). Anti-asialo-GM1 does not delete ILC1/ILC3s and NKT cells (ref: 20, 21;
Supplemental Figure 3D). Pups of DEP-exposed mothers were injected with the anti-asialo-GM1 antiserum one
day before immunization, one day before challenge and on the last day of challenge. Anti-asialo-GM1 reduced

all features of AAD (Figure 30-Q).

The type-2 immune response and allergic airway disease are dependent on 1L-25

We previously showed that airway inflammation and AAD in our model were dependent on IL-1f3 and its
downstream target IL-17A that mediated airway hyperresponsiveness (13). IL-1p is a recognized enhancer of
the type-2 immune response, activating both ILC2s and Th2 cells. We thus wondered whether IL-13 and NK
cells are linked. NcrI'“¢*R26P™* and R26P™* DEP-OVA littermates did not differ in regard to levels of

mRNA for IL-1p and IL-17A, indicating that NK cells did not control these cytokines (Supplemental Figure



4A). We also tested whether the opposite is true i.e. whether IL-1f3 regulated NK cells. To this end, DEP-OVA
pups were injected with a neutralizing anti-IL-13 antibody (or control IgG) on postnatal day 5 (one day before
immunization) and then on postnatal day 22 (one day before the first challenge with OVA; diagram of
experimental strategy in Supplemental Figure 4B). Although this treatment depleted IL-1B (Supplemental
Figure 4C) and prevented development of AAD in our previous study (13), it had no effect on NK cell
maturation (Supplemental Figure 4D, E), degranulation (Supplemental Figure 4F) and type-2 cytokine
production (Supplemental Figure 4G). Taken together, our data indicated that IL-1p and NK cells are not linked
and therefore they regulate type-2 inflammation and AAD through independent routes.

Having established that NK cells were unlikely to activate ILC2s and Th2 cells through IL-13 (Supplemental
Figure 4A), we shifted our focus to more traditional regulators of these cells i.e. epithelial cytokines IL-25, IL-
33 and TSLP. At 72 hours after challenge with OVA, DEP-OVA pups over-expressed and over-secreted 1L-25
(Figure 4A, B) and expressed and secreted normal levels of IL-33 and TSLP (Figure 4A, B) in their lungs. We
reasoned that IL-25 induction could explain expansion of IL-25R* ILC2s. To examine importance of IL-25 in
IL25R" ILC2 activation, other features of the type-2 immune response and AAD, DEP-OVA pups were injected
with an IL-25-depleting antibody one day before immunization, and then one day before the first challenge with
OVA (see Supplemental Figure 4B for diagram of the experimental strategy). The anti-IL-25 antibody reduced
pulmonary IL25R* ILC2s (Figure 4C), OV A-specific IgE in the serum (Figure 4D) and features of AAD
(Figure 4E-H, Supplemental Figure 4H, I) to levels comparable to those in PBS-OVA pups. Of note, IL-25
depletion had no effect on IL-1p and IL-17A (Supplemental Figure 4J). In conclusion, IL-25 was an important
driver of DEP-programmed, allergen-elicited type-2 inflammation and AAD.

Normal levels of IL-33 and TSLP mRNAs and proteins were somewhat surprising, given importance of these
cytokines for lung inflammation in other models of allergic airway disease. To obtain definitive answers on
contributions of IL-33 and TSLP to AAD in our model, we individually depleted these cytokines in DEP-OVA
pups using specific antibodies (diagram of experimental strategy in Supplemental Figure 4B). Separate groups

of pups received control IgGs. Injections of anti-IL-33 and anti-TSLP antibodies led to substantial reductions of



targeted cytokines (Figure 41, M) but had no effect on AAD (Figure 4J-L and 4N-P), indicating that IL-33 and
TSLP were redundant in our model. These results were consistent with lack of DEP effects on IL-25R"ST2*

ILC2s (Figure 1H).

NK cells are upstream of IL-25

We asked whether IL-25 and NK cells are linked. To study the effect of NK cells on IL-25, we used NK cell
deficient pups. NK cell deficiency led to marked reduction of pulmonary IL-25 mRNA and protein (Figure 5A-
C). The loss of IL-25 was most evident in airway epithelial cells (Figure 5C). These cells were the principal
sources of IL-25 in control pups. NK cell deficiency did not affect IL-33 and TSLP, suggesting relative
selectivity of NK cells for IL-25 (Figure 5A, B).

We then wanted to determine whether or not IL-25 induction was the key mechanism responsible for induction
of the type-2 immune response and AAD by NK cells. To test this, NcrI'“"**R26°™* pups of DEP-exposed
mothers were administered with recombinant IL-25 during the immunization phase (on postnatal days 5 and 6),
and then during the challenge phase (on postnatal days 23, 24 and 25) (diagram of the experimental strategy in
Supplemental Figure 5). IL-25 reconstitution led to restoration of pulmonary IL25R* ILC2s (Figure 5D) and
AAD (Figure 5E-QG), indicating that IL-25 induction was critical for NK cell regulation of these traits.

Therefore, NK cells promoted the type-2 response and AAD via IL-25.

NK cells serve as carriers of susceptibility to allergic airway disease

To test whether NK cells are carriers of AAD predisposition in our model, we transferred CD127- NK cells
from wild type pups of DEP and PBS exposed mothers (referred to as DEP NK cells and PBS NK cells,
respectively) into normal (no DEP) age-matched recipients (diagram of the experimental strategy in
Supplemental Figure 6, see protocol #1). The third group of recipients was injected with PBS without cells. All
recipients were born to unexposed mothers and had the Ner 1/ *R26P™* (NK cell-null) genotype.
Intratracheal (i.t.) transfer took place at three weeks of age, after neonatal (postnatal day 5) immunization of

recipients. Donors were not immunized. Following NK cell transfer/PBS injection, recipients were challenged
10



with OVA. PBS-injected recipients had low level of IL-25 in the BAL fluid (Figure 6A), low numbers of
IL25R* ILC2s (Figure 6B) and minimal AAD (Figure 6C, D), reflecting immaturity of the immune system at
the time of immunization. Transfer of PBS NK cells did not have any effects on these traits. In contrast, transfer
of DEP NK cells led to increased production of IL-25, expansion of IL25R* ILC2s and exacerbation of AAD.
Thus, DEP NK cells were programmed to promote the type-2 immune response and AAD. This program made
them sufficient to transmit AAD susceptibility to normal recipients. We then asked whether the DEP-linked
program persisted in the NK cell lineage beyond the early postnatal life, into the adulthood. To address this, we
used adult (6-week old) offspring of DEP-exposed and PBS-exposed mothers as NK cell donors (Supplemental
Figure 6, protocol #2). The overall experimental design was same as that used for 3-week old donors - NK cells
(or PBS) were i.t. transferred into immunized aged-matched (6-week old) NK cell-deficient recipients.
Immunization (a single i.p. dose of OVA in alum) took place seventeen days prior to NK cell/PBS injection.
One day following NK cell /PBS injection, recipients underwent their first challenge with OVA. Compared to
recipients of PBS NK cells and recipients of PBS, recipients of DEP NK cells had increased IL-25 in the BAL
fluid (Figure 6E), increased numbers of pulmonary IL25R* ILC2s (Figure 6F) and showed exacerbation of
AAD (Figure 6G, H). The result highlighted persistence of NK cell programming into the adulthood. In
addition, the result indicated that after achieving maturity and transitioning into adulthood, the lung remained
amenable to signals emitted by DEP NK cells, continuing to respond by mounting type-2 inflammation and

AAD.

NK cell dominance is unique to maternal DEP-programmed allergic airway disease

We then explored whether or not NK cell participation was a general feature of AAD. To this end, we
performed two experiments. In the first experiment, we used normal (no maternal DEP) adult mice and the
conventional OVA-based model of AAD (diagram of the experimental strategy in Supplemental Figure 7).
Experimental mice were adult offspring of unexposed Ncr1'“"* mothers and R26°™/P™ fathers. In this model,
Ner 1€ R26PT4+ and R26P™'* adult littermates had similar numbers of lung ILC2s (Figure 7A) and same

magnitude of AAD (Figure 7B-E). Our results agreed with the recently published study that also used
11



Ner1€r¢R26P™ mice to show lack of any meaningful involvement of NK cells in adult OVA- and HDM-based
models of AAD (22). Taken together, NK cells are redundant for allergen-driven DEP-free AAD in adult mice.
We then examined NK cell engagement in an early-life model of allergen-driven AAD. We address this by
subjecting Ner17“* mothers and their Ner1'“¢*R26P™* and R26°™/* neonates to our PBS-OVA exposure
scheme (Supplemental Figure 1A). As discussed earlier, in PBS-OVA pups, due to immaturity of their immune
system, immune responses are of low magnitude; nevertheless, these pups develop low-grade airway
eosinophilia and AHR that clearly differentiate them from PBS-PBS pups (13). As was the case with the adult
model, numbers of ILC2s (Figure 7F) and eosinophils (Figure 7H), AHR (Figure 7G) and other AAD features
(Figure 71, J) in PBS-OVA NcrI'“¢*R26P™* pups were same as these in PBS-OVA R26°™* pups. By
comparing results of this experiment with data in Figure 3G-J, we also noted that AAD features in NK cell-
sufficient/deficient PBS-OVA pups were approximately of the same level as AAD features in NK cell-deficient
DEP-OVA pups. Altogether, our results indicated that NK cell engagement in AAD was not merely a

consequence of allergen exposure or young age of pups, but a consequence of maternal exposure to DEP.

The NK cell granule protease granzyme B induces IL-25 in airway epithelial cells

IL-13 is a recognized inducer of epithelial IL-25 (23), providing one potential link between NK cells and IL-25.
However, IL-13 can be produced by other cells, suggesting that requirement for NK cells in AAD is imposed by
another mediator(s) that is more specific to NK cells. In search of these mediators, we analyzed previously-
published NK cell transcriptome data (15, 18, 24), selected mRNAs with links to airway epithelial cells, the
lung, asthma, or type-2 immunity and measured them in lungs of DEP-OVA Ncr1i“"¢*R26P™* and R26°™"*
littermate pups (Figure 8A). None of these mRNAs was affected by NK deficiency, suggesting greater
importance of other cellular sources. In contrast, NK cell-related mediators of cytotoxicity i.e. the proteases
granzyme A, granzyme B and cathepsin W were markedly reduced. A large reduction of granzymes indicated
that NK cells were their primary source. Indeed, NK cells accounted for 88.28+0.99% of granzyme B* cells in
lungs of DEP-OVA pups (Figure 8B). This was consistent with previous reports comparing granzyme levels in

NK cells vs. CD8 T cells. NK cells have much higher expression of granzymes at baseline as part of their
12



persistently ‘alert’ state (18). CD8 T cells require stimulation to induce granzymes. This stimulation was
perhaps insufficient in our model.

We tested whether granzymes and cathepsin W could directly stimulate airway epithelial cells to produce 1L-25.
To this end, we incubated C57BL/6 mouse primary airway epithelial cells (for purity, see Supplemental Figure
8A) with or without recombinant mouse granzyme A, granzyme B or cathepsin W + IL-13, or with an extract of
an allergen Alternaria alternata (positive control) (Figure 8C, D). The Alternaria extract is a well-established
activator of airway epithelial cells, inducing release of several pro-inflammatory mediators, including IL-25.
Granzyme B induced IL-25 (Figure 8C, D). Furthermore, granzyme B potentiated the effect of [L-13 on IL-25,
highlighting cooperation between these two NK cell-expressed epithelial activators. Experiments using small
molecule inhibitors indicated that granzyme B-mediated IL-25 induction was dependent on the protease-
activated receptor 2 (PAR2), emphasizing importance of granzyme B proteolytic activity (Figure 8E). The
inhibitor experiment also pointed to substrate selectivity of the granzyme B protease, action of which was not
dependent on another member of the PAR family - PAR1. Granzyme A and cathepsin W did not have any
effects on IL-25. This was consistent with previous reports showing that granzyme A, granzyme B and
cathepsin W differ in their substrate specificities (25). None of the proteases affected IL-33 and TSLP. In
control experiments, we determined that all proteases were enzymatically active (Supplemental Figure 8B),
indicating that inability of granzyme A and cathepsin W to induce IL-25 was not due to absence of their
proteolytic activity. We also determined that none of the proteases induced cell death (Figure 8F), excluding a
possibility of death-related release of IL-25. Lack of cell death was consistent with an established paradigm on
requirement of perforin and intracellular delivery for granzyme-mediated cell death (death-related substrates of
granzymes (caspases) are intracellular) (26). Our culture system did not include perforin. Altogether, we
identified granzyme B as an inducer of IL-25 in airway epithelial cells. Granzyme B showed relative selectivity
towards IL-25, as IL.-33 and TSLP were not affected by its action. Our data confirmed previous observations on
differences in regulation of these cytokines (27-32). To exemplify this, IL.-33 is constitutively expressed at a
high level by various epithelial cells from multiple organs, endothelial cells of high endothelial venules (HEV)

and fibroblastic reticular cells (FRC) of lymph nodes and spleen (27). Within pulmonary epithelium, IL-33 is
13



primarily expressed by human basal cells and mouse alveolar type-2 cells. Constitutive expression of IL-25 is
limited to tuft cells, a rare epithelial subset that is seen in the gut, upper airways and trachea but not in the distal
airways and the lung (28-30); other cells, including bronchial epithelial cells require environmental stimulation
to produce IL-25. The dominant mechanism by which IL-33 is released from cells is necrosis. Only few stimuli
are known to liberate IL.-33 from living cells and these include the Alternaria extract (working via coordinated
activation of multiple receptors and pathways), ATP and mechanical stress (31, 32). In contrast, [L-25 secretion

can be elicited by less complex stimuli such as cytokines (ref: 23 and Figure 8D).

NK cells promote IL-25 production through direct effects on the airway epithelium

Our experiments indicated that at least two NK cell mediators (the granule protease granzyme B and IL-13) had
the capacity to directly act on the airway epithelium and induce IL-25. We thus wondered whether induction of
IL-25 by NK cells occurred through their direct effects on epithelial cells. To answer this question, we set up an
in vitro co-culture system using normal C57BL/6 airway epithelial cells (as in Figure 8C-F) and NK cells that
were isolated from spleens of DEP-OVA pups. DEP-OVA NK cells induced the IL-25 protein in epithelial cells

(Figure 8G).

Granzyme B is required for development of allergic airway disease in predisposed pups

We next asked whether granzyme B was important for development of AAD in our model. To this end, we
performed two experiments. In the first experiment, we studied the role of systemic granzyme B. DEP-exposed
females heterozygous for knockout mutation in the granzyme B gene (Gzmb~") were mated with unexposed
Gzmb”* males to produce Gzmb”- and Gzmb*'* littermate pups. Pups were immunized and challenged with
OVA, per our regular protocol. Compared to Gzmb*’* pups, Gzmb™ pups had less IL-25 and IL25R* ILC2s in
their lungs (Figure 9A, B) and reduced AAD (Figure 9C-F). In the second experiment, we explored the role of
NK cell-expressed granzyme B (diagram of the experimental strategy in Supplemental Figure 9). This was
accomplished through transfer of Gzmb” and control Gzmb™* CD127- NK cells into NK cell-deficient

recipients. Donor Gzmb™~ and Gzmb*" pups were littermates born to Gzmb”" parents. Recipient pups came from
p pup p p pup
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the cross of Ncr1'“"* mothers and R26P™/P™4 fathers. Both sets of mothers (generating either donors or
recipients) received DEP. Prospective donor and recipient pups were immunized with OVA in alum on
postnatal day 5. NK cell transfer (i.t. route) took place on postnatal day 22. After transfer, recipients were
challenged with OVA. Compared to recipients of Gzmb** NK cells, recipients of Gzmb”" NK cells had less IL-
25 and TL25R* ILC2s (Figure 9G, H) and decreased AAD (Figure 9I-L). In conclusion, NK cell-expressed
granzyme B was required for elicitation of AAD in predisposed pups. Absence of granzyme B specifically in
NK cells yielded similar effects on AAD as the absence of systemic granzyme B. This was consistent with NK

cells being the dominant source of this protease in our model (Figure 8B).

Granzyme B is required for the direct effect of NK cells on epithelial cells

We next asked whether granzyme B mediated the direct effect of NK cells on airway epithelial cells. To address
this, we again employed our NK-epithelial co-culture system but this time used Gzmb™ and Gzmb™* NK cells.
NK cells were isolated from spleens of DEP-OVA Gzmb”- and Gzmb™'" littermates. Compared to Gzmb™* NK
cells, Gzmb”" NK cells had reduced capacity to induce IL-25 (Figure 9M) in airway epithelial cells, highlighting

importance of the protease in mediating direct effects of NK cells.

DEP-programmed NK cells drive the type-2 immune response and AAD to the clinically-relevant house
dust mite allergen

In our final experiments we tested whether the NK cell-dependent pathway was operational and important in the
human-relevant context. To address this, we used a clinically-relevant allergen to elicit AAD in mice and
employed human cell culture systems. In the first experiment we examined whether offspring responses to
human allergen were impacted by maternal exposure to DEP. To this end, pups of DEP-exposed or PBS-
exposed mothers were sensitized with an intranasal application of the house dust mite extract (HDM) on
postnatal days 5 and 6 followed by three intranasal challenges with HDM on days 23, 24 and 25 and analysis on
day 28 (diagram of experimental strategy in Supplemental Figure 10). PBS-HDM pups displayed weak type-2

immune response (Figure 10B-E) and low-level AAD (Figure 10F-H), as expected from normal unprimed (no
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maternal exposure) neonates. The type-2 immune response and AAD were considerably enhanced in DEP-
HDM pups (Figure 10B-H). This was linked to increased expression of type-2 cytokines by pulmonary NK cells
(Figure 10A). Therefore, maternal exposure to DEP facilitated allergic response to HDM in offspring. In the
second experiment, we asked whether HDM-elicited AAD was dependent on NK cells. Compared to R26°74*
pups of DEP-exposed mothers, their NK cell deficient Ner 1 *R26P™* littermates had reduced type-2
immune response (Figure 10I-L) and AAD (Figure 10M-0O), indicating that DEP-programmed NK cells are

critical drivers of AAD in the HDM context.

DEP promote degranulation and type-2 cytokine production by human cord blood NK cells

In the third experiment, we asked whether DEP could regulate functions of human early-life NK cells. To test
this, we measured NK cell activation in DEP-stimulated cultures of human cord blood mononuclear cells
(CBMCs). Control cultures were stimulated with HDM or treated with a vehicle (PBS). DEP promoted NK cell
degranulation (i.e. secretion of granzyme B; Figure 11A, B, E), and NK cell production of type-2 cytokines IL-4
and IL-5 (Figure 11C, D, F, G). IL-13 was undetectable in this system (Figure 11D). DEP had no effect on NK
cell production of IFNy (Figure 11H). HDM did not influence any of the NK cell activation parameters (Figure
11A-H). These results suggested that DEP endowed human early-life NK cells with the capacity to stimulate
airway epithelial cells (via granule-derived granzyme B and IL-4 that shares its epithelial receptor with IL-13)
and other cells involved in the type-2 response such as CD4 T cells, ILC2s, B cells and eosinophils (via IL-4
and IL-5). HDM did not have these effects on NK cells, which was consistent with our mouse data (Figure 7)

showing that NK cells did not participate in AAD elicited by an allergen alone i.e. in the absence of DEP.

Human granzyme B stimulates human airway epithelial cells to produce IL-25
In the final experiment, we examined effects of human recombinant granzyme B on human primary airway
epithelial cells in the in vitro culture model. Human granzyme B induced transcription of the /125 gene (Figure

111). The granzyme B effect on /L25 was enhanced by the IL4Ro/IL13Ral ligand - IL-13. Granzyme B had no
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effect on /L33. Collectively, these results reflected our data obtained using the mouse epithelial culture system

(Figure 8C, D).
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Discussion

Asthma is a heterogeneous disease that encompasses multiple endotypes (distinct mechanistic variants).
Emergence of a particular endotype is dictated by several factors, including genotype, gender, environmental
exposures and age/developmental period when these exposures occur. Using a mouse model, we described an
NK cell-dependent endotype of allergic airway disease (AAD, murine counterpart of human asthma) that arose
in early life as a result of maternal exposure to DEP. We then showed that NK cells induced AAD via activation
of airway epithelial cells. NK cell-derived granzyme B directly stimulated the epithelium to produce IL-25.
Granzyme B-mediated induction of IL-25 was enhanced by IL-13 that is co-secreted by NK cells. NK cell-
induced epithelial IL-25 activated ILC2s and Th2 cells, leading to eosinophilic inflammation of airways and
AAD. Lastly, experiments using human cord blood and human airway epithelial cells suggested that DEP might

induce an identical pathway in humans.

In fact, there is some evidence in prior literature that the NK cell-linked, early-onset endotype of asthma does
indeed exist in humans. One recent study showed that inner-city children who developed allergic asthma by age
7 were distinguished from children who did not develop asthma by higher levels of NK cell-related transcripts
in PBMC:s at age 2, i.e. in a period prior to asthma manifestation (33). The list of the most significantly
upregulated genes included granzyme B. Since inner-city children are exposed to high levels of air pollution,
including DEP, this study gave a hint on a potential link between DEP and NK cells in humans. Air pollution-
triggered activation of NK cells may persist beyond early childhood, as indicated by another study that detected
increased levels of NK cell-related transcripts (including transcript for granzyme B) in PBMCs of inner-city

asthmatics at age 8-11 (34).

Previous reports also support connection between early-life asthma and IL-25. Rhinovirus (RV) infection is an
important trigger of asthma in young children. RV promotes asthma partly via activation of the airway

epithelium. A recent study showed that induction of epithelial IL-25 by RV was age-dependent occurring only
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in neonates but not in adult mice (35). RV-triggered IL-25 drove neonatal AAD. Given our results and the
established paradigm placing NK cells as key responders to viruses, we speculate that IL-25 induction in RV-
infected neonates is driven by NK cells. Therefore, RV-induced neonatal asthma may be another asthma

endotype that depends on NK cells.

In addition to predicting another endotype of asthma, our study has a potential to pave the way for development
of diagnostic tests for early detection of asthma predisposition. We postulate that these tests should measure
type-2 cytokine™ NK cells, granzyme B and IL-25. Currently, cord blood IgE is the only biomarker with a
potential to predict future allergic disease (36). However, IgE may not capture an innate component of asthma
predisposition e.g. priming of ILC2s. NK cells act upstream of both innate (ILC2s) and adaptive (Th2s/IgE)
arms of the type-2 immune response. We thus propose that measurements of NK cell-linked biomarkers could
complement IgE tests, being particularly useful in cases when IgE is negative. NK cell biomarkers are also
potentially more sensitive in detecting early changes than ILC2 markers. It is because NK cells act upstream of
ILC2s. Lastly, because ILC2 counts are extremely low in the blood, measurements of NK cell-linked markers

are significantly more practical.

Our study has implications for understanding basic mechanisms of the immune response. NK cells are
traditionally viewed as cytotoxic cells that kill dangerous “non-self” targets such as virally-infected and
transformed cells. More recent data indicate that NK cells can affect normal cells, including cells of the immune
system. By secreting IFNy and TNFa, NK cells contribute to activation of dendritic cells, macrophages and T
cells, and induction of the type-1 immune response (37). NK cells also take part in resolution of the type-1
response through killing of participating immune cells (37). Much less is known about NK cell effects on the
type-2 response. There are reports on type-2 cytokine-producing NK cells in human asthma (38) but
significance of this for asthma has never been addressed. NK cells can kill eosinophils in vitro, suggesting that

in some circumstances, NK cells may participate in resolution of allergic inflammation (39). Here we show that
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in the context of maternal DEP, NK cells become key drivers of the type-2 immune response, allergic

inflammation and AAD.

Granzyme B is best known for its capacity to kill target cells. This occurs after its intracellular delivery via
cleavage and activation of pro-apoptotic caspases (25, 26). More recent reports indicate that granzyme B may
also have non-cytotoxic functions. Granzyme B cleaves extracellular matrix proteins and thereby facilitates
chemokine-induced movement of cytotoxic lymphocytes through basement membranes (40). Furthermore,
granzyme B amplifies LPS-induced TNFa release from human monocytes in vitro (41). Lastly, granzyme B
cleaves IL-1a, enhancing its biological activity (42). It remains to be established whether granzyme B-mediated
TNFa release and IL-1a cleavage occur in vivo, and whether these processes are important for inflammation
and development of diseases. There are no reports that define specific functions of granzyme B in type-2
inflammation. Our manuscript is an opening act in pursuit of this question. Intriguingly, granzyme B-triggered
mechanism that we uncovered resembles some of the mechanisms that are elicited by allergens. House dust
mite and pro-allergic fungi (Alternaria and Aspergillus) contain proteases and induce asthma partly via PAR2-

mediated activation of the airway epithelium (43).

The lung has the highest frequency of NK cells (=<10% of lymphocytes) among all non-lymphoid and lymphoid
organs (44), suggesting that NK cells play special roles in the lung. NK cells defend against respiratory
infections and destroy cigarette smoke-damaged epithelial cells in chronic obstructive pulmonary disease
(COPD) (45, 46). Whether NK cells have other functions in the lung is not clear. Here we propose that fueled
by maternal exposure to DEP, NK cells become critically engaged in responses to inhaled allergens. By
controlling production of type-2 mediators by the airway epithelium, NK cells contribute to induction of

pulmonary type-2 responses and AAD.
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Importance of NK cells in mouse models of AAD was explored in previous studies but the results were
conflicting (47-49). One potential reason for lack of clarity was the use of non-specific tools for NK cell
depletion. To address this, we used the Ner1'““R26P™ strain of mice, representing the most specific model of
NK cell deficiency to date. We then complemented these studies through the use of NK cell-depleting
antibodies anti-asialo-GM1 (this manuscript) and anti-NK1.1 (14), and by performing the NK cell reconstitution
experiment. All experiments led to the same conclusion - NK cells drove AAD in our DEP-dependent model.
We also observed that NK cells were redundant in models that rely exclusively on allergens to elicit AAD. This
is consistent with a recent publication that used Ncr1'“"*R26P™ mice to report no role of NK cells in adult

allergen-driven AAD (22).

NK cell priming in our model may have several causes that likely act in concert. The first likely cause is cellular
stress and cell damage that are triggered by transplacentally-transferred DEP and DEP-derived compounds or
by endogenous molecules, including cytokines that are overproduced by DEP-challenged mothers and fetuses.
Prior data provide a rationale to hypothesize that DEP activity extends beyond the exposure period (pre-
conception) and into the pregnancy. DEP and DEP-derived polycyclic aromatic hydrocarbons (PAH) have been
shown to persist in the body long after cessation of the exposure (50). PAH are known to cross the placental
barrier (51). DEP are likely to have this capacity; a large proportion of DEPs are nanoparticles (52) and
nanoparticles, in general, are easily transferrable via the placenta (53). Transplacentally-transferred DEP, PAH
and DEP/PAH-induced endogenous molecules may stress or damage offspring cells. Stressed and damaged
cells are known to activate NK cells through upregulation of NKG2D and DNAM-1 ligands, downregulation of
MHCI and production of NK cell-stimulatory cytokines. Some of these molecules are linked to type-2
immunity. A previous study shows that physical damage of the epidermis (tape-stripping) results in
upregulation of NKG2D ligands on keratinocytes (54). Under these circumstances, epidermal NKG2D ligands
promote type-2 cytokine production by NKG2D-expressing intraepithelial lymphocytes; if skin damage is
followed by allergen application to the damaged area, NKG2D" type-2 cytokine-expressing lymphocytes

initiate the type-2 immune response to this allergen, leading to induction of allergen-specific IgE. NK cells may
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also be primed by DEP-derived compounds. NK cells express aryl hydrocarbon receptor (AHR), an
environment-sensing transcriptional factor that is targeted by DEP-derived PAH. AHR promotes NK cell
survival (55) and cytolytic activity (56). In other cell types, such as mast cells and T cells, PAH and AHR
induce type-2 cytokines (57), suggesting that type-2 programming of NK cells in our model may be a result of
AHR activation. We have evidence that the AHR pathway is activated in DEP-exposed mothers and their

offspring (13, 14).

Lastly, we would like to comment on some of our results on ILC2s/Th2s. When comparing our data on IL-25
with data on TL-25 targets (IL25R" ILC2s/Th2s), we noticed an interesting discrepancy: DEP-PBS pups had
moderately increased frequencies of these cells despite having normal levels of IL-25 (Figure 1E, H, J, Figure
4A and B). We speculate that moderate expansion of DEP-PBS IL25R* ILC2s and Th2 cells may be due to
increased responsiveness of these cells to IL-25. Alternatively, this may be due to another DEP-regulated
mediator that specifically targets IL25R™ ILC2s and Th2 cells. We will address these hypotheses in another

study.

Taken together, our studies provide proof-of-concept that the NK cell-airway epithelium axis plays an important
role in DEP-triggered transmission of asthma predisposition from the mother to her offspring. We hope that the
identified principles will facilitate development of new diagnostic tools for early detection and precise

classification of asthma.
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Methods

Additional information can be found in the Supplemental Methods.

Statistics

To compare the means of two matched groups and the means of two unmatched groups, 2-tailed paired and
unpaired Student’s t tests were used, respectively. To compare the means of three or more unmatched groups,
the 1-way ANOVA test was performed, followed by Tukey’s or Dunnett’s post-hoc tests. To analyze data with
2 or more groups and repeated measurements on individual mice (FlexiVent studies), 2-way repeated measures
ANOVA was used, followed by the Bonferroni post-hoc test. Data are presented as mean + standard error of the
mean (SEM). Statistical significance was defined as P<0.05. ‘n’ represented number of biological replicates and
was defined in the figure legends. For box plots, lines within the boxes represent medians; boxes represent 25th-
75th percentiles; and whiskers represent minimum and maximum values. All statistical analysis was performed

using the Prism software (GraphPad 7).

Study approval

All procedures on animals were reviewed and approved by the Institutional Animal Care and Use Committee
(IACUC) at National Jewish Health (NJH), Denver, CO (IACUC # AS2798-12-20). All studies on human
samples were reviewed and approved by the Institutional Review Board (IRB) at NJH, Denver, CO (IRB # HS-
3509 for the cord blood study and IRB # HS-2604 and HS-3114 for collection of bronchial brushings). Cord
blood samples were received from the University of Colorado Cord Blood Bank, Aurora, CO. Bronchial
brushings were collected during bronchoscopy by the NJH Biobank Honest Broker System, Denver CO.
Brushings were then transferred to the Human Primary Cell Culture Core at National Jewish Health, Denver,
CO, from which the samples were distributed to the study investigators. Prior to subject enrollment and sample
collection, written informed consents were obtained from all subjects. Investigators in this study were not

involved in subject enrollment, consenting and sample collection, and were blinded to donor identities.
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Figure 1. Maternal exposure to DEP enhances the type-2 immune response and AAD in offspring.

(A-J) AAD and the type-2 immune response in the lungs of PBS-PBS, DEP-PBS, PBS-OVA and DEP-OVA
pups. (A) Total lung resistance to methacholine (FlexiVent). n=6 pups per group. (B) Leukocyte subsets in the
bronchoalveolar lavage (BAL) fluid. n=6. (C) Peribronchial inflammation scores (left) and proportions of
bronchial epithelial (epi) areas that are PAS (mucin)+ (right). n=6. (D) Flow cytometry (FC) plots to quantify
pulmonary IL-5" and IL-13" CD4 T cells. PMA/ionomycin-stimulated lung cell suspensions were stained for
flow cytometry. After exclusion of debris, doublets and dead cells, live (eFluor506°) singlets were analyzed for
CD3 and CD4. CD3"CD4" cells were analyzed for IL-5 and IL-13. (E) Percentages of cytokine” CD4 T cells in
live lung cells. n=6. (F) OV A-specific IgE in the serum. n=9. (G) FC plots to quantify lung ILC2 subsets. Live
lung singlets (no ex vivo stimulation) were analyzed for Lineage/Lin markers (CD3, B220, CD11b, CDl1Ic,
Grl, FceRIa and NK1.1) and CD45. CD45 Lin" cells were analyzed for CD127. CD127" cells were analyzed
for IL25R and ST2 to quantify IL25R*ST2-, IL25R*ST2" and IL25R"ST2" ILC2 subsets (CD45 Lin"
CDI127TL25R*ST2", CD45"Lin"CD127*IL25R*ST2" and CD45 Lin"CD127 TL25R"ST2" cells, respectively).
(H) Percentages of ILC2 subsets in live lung cells. n=6. (I) Gating strategy to quantify pulmonary IL-5" and IL-
137 ILC2s. PMA/ionomycin-stimulated eFluor506™ lung singlets were analyzed for CD45 and Lineage markers.
CD45Lin" cells were analyzed for CD127. CD45 Lin"CD127" cells were analyzed for IL-5 and TL-13. (J)
Percentages of cytokine® ILC2s in live lung cells. n=6. Data are representative of 3 independent experiments,
and are shown as mean = SEM. *P < 0.05, **P < (.01, ***P <0.001, by 2-way repeated measures ANOVA
with Bonferroni post-hoc test (A) and 1-way ANOVA with Tukey’s post-hoc test (B, C, E, F, H, J). n.s. not

significant
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Figure 2. ‘DEP’ NK cells have increased capacity to produce type-2 cytokines and degranulate.

(A-G) Frequencies and features of lung NK cells in PBS-PBS, DEP-PBS, PBS-OVA and DEP-OVA pups. (A)
Percentage of NK cells (CD3-CD19'NK1.17) in live lung cells. n=9-10 mice per group. (B) FC plots to detect
NK cell subsets. CD3'CD19NK1.1" live lung cells were analyzed for CD11b and CD27. (C, D) Percentages of
indicated subsets in live lung NK cells. n=9-10 mice per group (B-D: gating strategy in Supplemental Figure
2A) (E) Left: FC plots to measure degranulated (CD107a") NK cells in lung digests. Lung cells were incubated

at 37°C with PE-labeled anti-CD107a or isotype control IgG, monensin, brefeldin A, IL-2 and IL-15, and then
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stained with eFluor506 and antibodies for surface markers. Live NK cells (eFluor506°CD3"CD19NK1.1") were
analyzed for NK1.1 vs. CD107a. Right: percentage of CD107a" NK cells in live lung NK cells. n=8. (F)
Percentages of IL-5*/IL-13" NK cells in live lung NK cells. The result was obtained after ex vivo stimulation
with PMA/ionomycin. n=6. (G) Left: FC plot to identify GATA3" NK cells. CD3'CD19°CD127NK1.17" live
lung cells (no ex vivo stimulation) from PBS-PBS and DEP-PBS pups were analyzed for GATA3 or binding of
an isotype control immunoglobulin. Right: Percentages of GATA3" NK cells in live lung NK cells. n=5. Data
are representative of 2 independent experiments and are shown as mean = SEM. *P < 0.05, **P < (.01, ***P <
0.001, by 1-way ANOVA with Tukey’s post-hoc test (A, C-F) and 2-tailed unpaired t test (G). n.s. not

significant
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Figure 3. The type-2 immune response and AAD are driven by NK cells.

(A-J) Genetic depletion of NK cells. DEP-exposed Ncrl’“* females were mated with unexposed R26°™4/PT4
males to produce Nerl'“¢*R26P™* and R26P™/* littermates. Pups were immunized and challenged with OVA,
and analyzed 72 hours after challenge. (K-N) NK cell reconstitution. Ncr1*"*R26P™* and R26°™* pups of
DEP-exposed Ncrl'“"* females were immunized with OVA on PND 5. On PND 22, a sub-group of
Ncr€r¢*R26P™/* pups was transferred with splenic CD127- NK cells from R26°* littermates. Other pups
received PBS. NK cell/PBS recipients were challenged with OVA on PND 23-25 and analyzed on PND 28
(diagram of experimental strategy in Supplemental Figure 3B). (O-Q) Antibody-mediated depletion of NK
cells. Wt DEP-OVA pups received anti-asialo-GM1 or control sera as in Supplemental Figure 3C. (A, B) IL-5
and IL-13 in lung homogenates (A, n=12) and the BAL fluid (B, n=13-15). (C, E, F, K) Cytokine® CD4 T cells
(C, n=6), IL25R*ST2", IL25R*ST2* and IL25R"ST2" ILC2s (E, n=6; K, n=6-8) and cytokine* ILC2s (F, n=6) in
live lung cells. (D) OV A-specific IgE in serum. n=9. (G, L, O) Total lung resistance to methacholine. n=6 (G,
L), n=5 (0O). (H, J, N, Q) H&E and PAS stained lung sections (original magnification, x100), peribronchial
inflammation scores and proportions of bronchial epithelial (epi) cell areas that are PAS+. n=7 (H), n=8 (J, N,
Q). (I, M, P) Leukocyte subsets in the BAL fluid n=8 (I), n=6-8 (M) and n=6 (P). Data are representative of two
(A, B) or three (C-Q) independent experiments and are shown as mean £ SEM. *P < (.05, **P < (.01, ***P <
0.001, by 2-tailed unpaired t test (A-F, H-J, P, Q), 1-way ANOVA with Tukey’s post-hoc test (K, M, N) and 2-

way repeated measures ANOVA with Bonferroni post-hoc test (G, L, O).
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Figure 4. The type-2 immune response and AAD are dependent on IL-25.
(A, B) Concentrations of IL-25, IL-33, and TSLP in lung homogenates [A, n=10 (IL-25) or n=9 (IL-33, TSLP)]

and the BAL fluid (B, n=10) from PBS-PBS, DEP-PBS, PBS-OVA and DEP-OVA pups. (C-P) Depletion of
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IL-25 (C-H), IL-33 (I-L) and TSLP (M-P) in DEP-OVA pups. Pups received an anti-cytokine (anti-IL-25/anti-
IL-33/anti-TSLP) antibody or isotype control IgG before immunization and then before the first challenge with
OVA, and were analyzed 72 hours after the final challenge (diagram of experimental strategy in Supplemental
Figure 4B). (C) Percentages of IL25SR*ST2-TLC2s, IL25R*ST2* ILC2s and IL25R"ST2* ILC2s in live lung
cells. n=6. (D) OVA-specific IgE in the serum. n=9. (E, J, N) Total lung resistance to methacholine
(FlexiVent). n=5-6. (F, K, O) Leukocyte subset counts in the BAL fluid. n=5-6. (G, H, L, P) Images of H&E-
stained lung sections (original magnification, x100) (G), peribronchial inflammation scores (G, L, P), images of
PAS-stained lung sections (original magnification, x100) (H) and proportions of bronchial epithelial (epi) areas
that are PAS (mucin)+ (H, L, P). n=8-9 (anti-IL-25) and n=5 (anti-IL-33 and anti-TSLP). (I, M) Concentrations
of IL-33 (I) and TSLP (M) in the BAL fluid. n=5. Data are representative of 2 (A, B, E, I-P) or 3 (C, D, F-H)
independent experiments, and are shown as mean + SEM. *P < (.05, **P < (.01, ***P < (0.001, by 1-way
ANOVA with Tukey’s post-hoc test (A, B), 2-tailed unpaired t test (C, D, F-I, K-M, O, P) and 2-way repeated

measures ANOVA with Bonferroni post-hoc test (E, J, N). n.s. not significant
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Figure 5. NK cells are upstream of IL-25.
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(A-C) IL-25, IL-33, and TSLP in DEP-OVA Ncr1'“*R26P™/* and R26P°™* littermates. (A) Concentrations of

cytokines in lung homogenates. n=6 mice per group. (B) Levels of cytokine mRNAs in lung lysates; Rn18s,
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18S ribosomal RNA. n=8-9. (C) Left: Fluorescent microscopy images of lung sections stained with an anti-IL-
25 antibody (green) and the nuclear dye DAPI (blue); Br, bronchus, BV, blood vessel (original magnification,
x200). Right: average fluorescence intensity of the IL-25 signal in the airway epithelium. n=8. (D-G) IL-25
reconstitution. Pups were produced as in Figure 3K-N. On postnatal day 5, pups were injected with OVA/alum
mixed with IL-25 or PBS. IL-25/PBS injections were repeated on day 6 but this time no OVA/alum was used.
All pups were OV A-challenged on days 23-25. Six hours after each challenge, pups were i.t. administered with
IL-25 or PBS. Pups were analyzed on day 28 (diagram of experimental strategy in Supplemental Figure 5). (D)
Percentages of IL25R*ST2 ILC2s, IL25R*ST2" ILC2s and IL25R"ST2* ILC2s in live lung cells. n=8-9. (E)
Total lung resistance to methacholine. n=7. (F) Leukocyte subset counts in the BAL fluid. n=8. (G)
Peribronchial inflammation scores and proportions of bronchial epithelial (epi) areas that are PAS+. n=7. Data
are representative of 3 independent experiments and are shown as mean = SEM. *P < 0.05, **P < (0.01, ***P <
0.001, by 2-tailed unpaired t test (A-C), 1-way ANOVA with Tukey’s post-hoc test (D, F, G) and 2-way

repeated measures ANOVA with Bonferroni post-hoc test (E). n.s. not significant
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Figure 6. NK cells as carriers of susceptibility to AAD

(A-H) Transfer of NK cells from wild type pups of DEP-exposed and PBS-exposed mothers (DEP NK cells and
PBS NK cells, respectively) into Nerl'“¢*R26P™* pups of unexposed mothers. Prospective recipient pups were
immunized with OV A/alum on postnatal day 5 (protocol #1: Figure 6A-D) or postnatal day 26 (protocol #2:
Figure 6E-H). Donor pups were not immunized. Transfer of CD127- NK cells or PBS injection took place on
day 22 (protocol #1) or day 43 (protocol #2), as in Figure 3K-N. Recipients were challenged with OVA on days
23-25 (protocol #1) or days 44-46 (protocol #2) and analyzed on day 28 (protocol #1) or day 49 (protocol #2)
(diagram of experimental strategy in Supplemental Figure 6). (A, E) Concentration of IL-25 in the BAL fluid of
recipients. (B, F) Percentages of IL25R*ST2-ILC2s, IL25R"ST2* ILC2s and IL25R"ST2ILC2s in live lung
cells of recipients. (C, G) Leukocyte subset counts in the BAL fluid of recipients. (D, H) Peribronchial
inflammation scores and proportions of bronchial epithelial (epi) cell areas that are PAS+. A-H: n=6 (protocol
#1), n=5 (protocol #2). Data are representative of 2 independent experiments and are shown as mean = SEM.

*P <0.05, **P<0.01, ***P <0.001, by 1-way ANOVA with Tukey’s post-hoc test. n.s. not significant
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Figure 7. NK cell engagement is unique to maternal DEP-programmed AAD.

(A-E) Adult mouse model of AAD. Unexposed Ncr1'“"** females were mated with unexposed R26°74/PT4
males. Nerl'“*R26P™* and R26P™/* offspring were i.p. immunized with OVA in alum on postnatal days 42
and 49, i.n. challenged with OV A on days 56, 57, and 58, and analyzed on day 61 (diagram of experimental
strategy in Supplemental Figure 7). (F-J) Neonatal mouse model of AAD. PBS exposed Ncr/'“"¢* females were
mated with unexposed R26°7#P™ males to produce Ncr1'"¢*R26P™/* and R26P™* littermates. Pups were
immunized with OV A/alum on postnatal day 5, challenged with OVA on days 23-25, and analyzed on day 28.
(A, F) Percentages of IL25R*ST2 TLC2s, IL25R*ST2* ILC2s and IL25R"ST2" ILC2s in live lung cells. n=7
mice per group (A) or n=9 (F). (B, G) Total lung resistance to methacholine. n=6 (B) and n=8 (G). (C, H)
Leukocyte subset counts in the BAL fluid. n=7 (C) or n=8 (H). (D) Left: H&E-stained lung sections (original
magnification, x100). Right: peribronchial inflammation scores. n=7. (E) Left: PAS-stained lung sections
(original magnification, x100). Right: proportions of bronchial epithelial (epi) cell areas that are PAS+. n=7. (I)
Peribronchial inflammation scores. n=8. (J) Proportions of bronchial epithelial (epi) areas that are PAS+. n=8.
Data are representative of 3 (A-J) independent experiments and are shown as mean = SEM. n.s. not significant,
by 2-tailed unpaired t test (A, B, D-F, H-J) and 2-way repeated measures ANOVA with Bonferroni post-hoc test

(C, G).
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Figure 8. The NK cell granule protease granzyme B induces IL-25 in airway epithelial cells.

(A) Levels of mediator mRNAs in lungs of DEP-OVA Ncr1/¢*R26P™* and R26P™* littermates. n=10 mice

per group. Lines within the boxes represent medians; boxes represent 25th-75th percentiles; and whiskers

represent minimum and maximum values. (B) Left: Gating strategy to define lung cell subsets that express

granzyme B (GZMB). Right: proportions of indicated cell subsets in the population of GZMB" cells. n=7. (C,

D) Production of 7125, 1133 and Tslp mRNAs (C; cell lysates; n=6 samples per group) and IL-25, IL.-33 and

TSLP proteins (D; culture supernatants; n=6) by C57BL/6 Mouse Primary Tracheal and Bronchial Epithelial

Cells (Cell Biologics, Inc.) treated with vehicle (PBS), granzyme A (GZMA), granzyme B (GZMB), cathepsin
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W (CTSW) £ IL-13, or an extract of Alternaria alternata; Rn18s, 18S ribosomal RNA. (E) //25 mRNA in
epithelial cells treated with GZMB, GZMB + PAR2 inhibitor (GB83 or ENMD-1068) and GZMB + PARI1
inhibitor (SCH79797 or Vorapaxar); vehicle 1 = PBS (vehicle for GZMB), vehicle 2 = DMSO (vehicle for
inhibitors). n=8 (vehiclel+vehicle2) or n=6 (other conditions). (F) Flow cytometric (FC) detection of dead cells
in cultures of epithelial cells treated as in Figure 8C, D or subjected to heat shock (positive control for cell
death). (G) FC detection of IL-25 in EpCAM*NK 1.1 epithelial cells that were incubated with IL-13 = NK cells
from spleens of wild type DEP-OV A pups. Histogram is representative of 3 independent co-cultures. Data are
representative of 2 (A, B) or 3 (C-G) independent experiments and are shown as mean = SEM. *P <0.05, ***P

< 0.001, by 2-tailed unpaired t test (A) and 1-way ANOVA with Tukey’s post-hoc test (C-E).
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Figure 9. Granzyme B is required for development of AAD in predisposed pups.

(A-F) Importance of systemic granzyme B. DEP exposed Gzmb™" females were mated with unexposed Gzmb™”
males to generate Gzmb” and Gzmb™* littermates. Pups were immunized, challenged with OVA and analyzed
72 hours after challenge. (G-L) Importance of NK cell-expressed granzyme B. Ncr1'“"¢*R26PT4* pups were
transferred with Gzmb™" and Gzmb”-NK cells. Donor and recipients had same age and were born to DEP
exposed mothers. Cell transfer took place on day 22 as in Figure 3K-N. Before cell transfer, on postnatal day 5,
donor and prospective recipient pups were immunized with OVA/alum. After cell transfer, recipients were
challenged with OVA on days 23-25, and analyzed on day 28 (diagram of experimental strategy in
Supplemental Figure 9). (A, G) Concentration of IL-25 in the BAL fluid. n=6 mice per group. (B, H)
Percentages of IL25R*ST2 ILC2s, IL25R*ST2" ILC2s and IL25R"ST2* ILC2s in live lung cells. n=6. (C, I)
Total lung resistance to methacholine. n=6. (D, J) Leukocyte subset counts in the BAL fluid. n=6. (E, K) Left:
H&E-stained lung sections (original magnification, x100). Right: peribronchial inflammation scores. n=7. (F,
L) Left: PAS-stained lung sections (original magnification, x100). Right: proportions of bronchial epithelial
(epi) cell areas that are PAS+. n=7. (M) Flow cytometric detection of IL-25 in EpCAM*NK1.1- airway
epithelial cells that were incubated with IL-13 + NK cells from spleens of DEP-OVA Gzmb** and Gzmb™ pups.
Histogram is representative of 3 independent co-cultures. Data are representative of 3 independent experiments
and are shown as mean = SEM. *P < 0.05, ***P < 0.001, by 2-tailed unpaired t test (A, B, D-H, J-L) and 2-way

repeated measures ANOVA with Bonferroni post-hoc test (C, I).
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Figure 10. ‘DEP’ NK cells drive AAD to HDM

(A-H) Model of early-life AAD to HDM in the context of maternal exposure to DEP. Pups of DEP-exposed and
PBS-exposed mothers received HDM intranasally on postnatal days 5 and 6 (immunization phase) and then on
postnatal days 23, 24 and 25 (challenge phase). Pups were analyzed on postnatal day 28 (diagram of
experimental strategy in Supplemental Figure 10). (I-O) Genetic depletion of NK cells in DEP-HDM pups.
‘DEP’ Ncrl™“**R26P™* and R26P™* littermate pups were generated as in Figure 3A-J. After birth, pups were
immunized and challenged with HDM, and analyzed 72 hours after challenge. (A) Percentages of IL-5" and IL-
13" NK cells in live lung NK cells (after ex vivo stimulation with PMA/ionomycin). n=6 per group. (B, I)
Percentages of IL-5* and IL-13" CD4 T cells in live lung cells. n=6. (C, J) HDM-specific IgE in the serum.
n=9. (D, K) Percentages of IL25R*ST2-ILC2s, IL25R*ST2" ILC2s and IL25R"ST2" ILC2s in live lung cells.
n=5 (D) and n=10 (K). (E, L) Percentages of IL-5" and IL-13" ILC2s in live lung cells. n=6. (F, M) Total lung
resistance to methacholine. n=6. (G, N) Leukocyte subset counts in the BAL fluid. n=5 (G) and n=8 (N). (H, O)
Peribronchial inflammation scores (left, n=5) and proportions of bronchial epithelial (epi) areas that are PAS+.
(right, n=5). Data are representative of 2 independent experiments and are shown as mean = SEM. *P < 0.05,
**P <0.01, ***P <0.001, by 1-way ANOVA with Tukey’s post-hoc test (A-E, G, H), 2-tailed unpaired t test

(I-L, N, O) and 2-way repeated measures ANOVA with Bonferroni post-hoc test (F, M).
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Figure 11. The NK cell pathway in human cell systems
(A-H) Human cord blood mononuclear cells (CBMCs) were incubated with DEP, HDM or vehicle (PBS) for 48
hours. To measure NK cell degranulation, PE-labeled anti-CD107a or isotype control IgG, monensin and

brefeldin A were then added for additional 5 hours. To measure intracellular cytokines in NK cells, monensin
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and brefeldin A were added for additional 4 hours. Cells were then stained with eFluor506 (viability) and
antibodies for NK cell surface markers + antibodies for cytokines. (A, C) Gating strategy to define degranulated
(A) and cytokine-producing (C) NK cells. Lymphocytes (from the FSC-A vs. SSC-A plot) were gated on
singlets and then on live cells (eFluor506°). eFluor506 single lymphocytes were analyzed for CD56 and CD3.
NK cells (CD56"CD3") were analyzed for CD107a (marking degranulated cells; A) or intracellular cytokines
(C). (B, D) Representative FC plots showing anti-CD107a labeling of NK cells (B) and anti-cytokine labeling of
NK cells (D) under three stimulation conditions (DEP, HDM and vehicle). (E-H) Percentages of degranulated
(CD107a") NK cells (E), IL-4" NK cells (F), IL-5" NK cells (G) and IFNy* NK cells (H) in total live NK cells.
n=8 subjects. (I) Levels of /L25 and /L33 mRNAs in human primary airway epithelial cells treated with vehicle
(PBS), human granzyme B (GZMB) £ human IL-13, human IL-13 or an extract of Alternaria alternata;
RNA18SNI1, 18S ribosomal RNA. Data are pooled from eight independent experiments (E-H) or are
representative of three independent experiments (I). Data are shown as mean £ SEM. *P < 0.05, **P < 0.01,

*#%P <0.001 by 2-tailed paired t test (E-H) and 1-way ANOVA with Tukey’s post-hoc test (I).
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