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Abstract

Lung group 2 innate lymphoid cells (ILC2) determine the nature of the immune response to
airway allergens. Some microbial products, including those stimulating interferons, block ILC2
activation, but whether this occurs following natural infections or causes durable ILC2 inhibition
is unclear. We tested this using a model of physiological microbial exposures through cohousing
laboratory and pet store mice. Laboratory mice cohoused for two weeks displayed an impaired
ILC2 response and reduced lung eosinophilia toward intranasal allergens, while these responses
were restored in mice cohoused at least two months. ILC2 inhibition at two weeks correlated with
increased interferon receptor signaling, which waned by two months of cohousing. Re-induction
of interferons in two-month cohoused mice blocked ILC2 activation. These findings suggest ILC2
respond dynamically to environmental cues and that microbial exposures do not dictate long-term
desensitization of innate type-2 responses to allergens.
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Introduction

The incidence of allergic and atopic conditions has increased over the last century and

this rise is attributed in part to changes in microbial exposures?: 2. The most common
allergic responses are mediated by type-2 immunity, characterized by cytokines interleukin-4
(IL-4), IL-5, and IL-13, and recruitment of eosinophils, mast cells, and other immune cells
into the lungsS. Historically, CD4* type-2 T helper cells (Th2) were thought to be the

main producers of IL-5 and IL-13 and thus studied as the cellular mediators of allergic
conditions. However, since the discovery and characterization of tissue resident innate
lymphoid cells (ILCs) in the past decade, the large contribution of group 2 ILCs (ILC2s) in
allergic responses has been appreciated?. Specifically, lung-resident ILC2s rapidly respond
to inflammatory signals such as IL-33, which is released by lung cells in response to
protease-containing allergens °. In addition to producing effector cytokines that drive mucus
production and eosinophil recruitment, lung ILC2s directly interact with antigen-specific
CD4* T cells® 7+ 8, In mouse models, preventing ILC2 activation leads to a substantial
defect in type-2 responses to allergens & 7 8. 1LC2 are implicated in pathogenesis of allergic
rhinitis, chronic rhinosinusitis, and allergic asthma and are considered a potential target for
development of treatments for these conditions® 10,

The hygiene hypothesis and the related “old friends” hypothesis posit improved sanitation
and hygiene reduce exposure to pathogens and commensals leading to inappropriate
responses to allergens!!. Retrospective and prospective studies of children have found a
compelling impact of exposures to microbes on allergic sensitization; having older siblings,
early-age daycare, and growing up on a farm are thought to be proxies for increased
microbial exposures and are associated with lower allergic sensitization risk12 13. 14,15,
Additional studies have more directly made connections between microbes and allergies;
high endotoxin levels in household dust, increased intestinal microbial diversity, and lack
of antibiotic use in infancy are all associated with lower risk of atopyl6:17:18. 19 Animal
models have been employed to tease apart potential mechanisms for these phenomena.
Microbial products or synthetic analogs such as unmethylated CpG DNA, household

dust containing endotoxin, bacterial lysate OM-85, and double stranded RNA analog
poly(I:C) all decrease type-2 immune responses to allergens 20: 21, 22, 23, 24, 25 |ntranasal
administration of Heligmosomoides polygyrus-derived protein HpARI interferes with ILC2-
activating cytokine 1L-33 and prevents sensitization to airway allergens2%: 27, Deliberate
infection with a gammaherpesvirus was also found to be protective in an allergic asthma
model?8. Type I and Il interferons (IFN-I and IFN-11) induced by acute viral infection or
microbial products reduced IL-5 and 1L-13 production by ILC224 29.30. 31 These studies
largely focus on acute effects of individual pathogens or treatment with microbial products;
short- and long-term effects of diverse, physiologically acquired infections on the immune
response to inhaled allergens have not been assessed.

Improved animal models that test the impact of microbial experience on the immune
response to allergens would be useful for clinicians andbasic researchers. Our group and
others have developed novel models to determine how exposure to distinct commensal
microbes and/or pathogens affects immune responses in mice32 33,3435 As we have
previously published, inbred laboratory mice cohoused with a pet store mouse continuously

Nat Immunol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Block et al.

Results

Page 3

for two months acquire natural infections, resulting in an immune-experienced phenotype32.
The gene expression signature of peripheral blood mononuclear cells (PBMC) of cohoused
mice more closely resembles that of human PBMC, while the transcriptome of PBMC

from SPF mice more closely resembles neonatal cord blood32. Physiological transmission
of microbes is not expected to be instantaneous but immune responses (including T cell
activation and antibody responses to pathogens) are evident by approximately 2 weeks of
cohousing. We sought to utilize this “dirty mouse” model to test whether physiological
microbial exposures could alter lung ILC2 responses to airway allergens both early and later
in cohousing.

Here we show cohousing laboratory mice with pet store mice, allowing physiological
transfer of murine pathogens and commensal microbes, leads to suppression of innate
type-2 responses to airway allergens when allergen exposure occurs within two weeks of
cohousing. This inhibition correlates with a peak in systemic pro-inflammatory cytokines
and IFN-I sensing in the lungs. In contrast, innate responses to allergens are not suppressed
in mice cohoused for at least two months, but reinduction of IFNs using poly(l:C) is
sufficient to once again impair type-2 responses. Together, these data indicate lung ILC2
are highly sensitive to recent inhibitory signals induced by infection, but that microbial
experience does not lead to sustained reprogramming of the ILC2 response against inhaled
allergens, suggesting the immune system can “reset” for type-2 responses to allergens
following acute control of microbial infections, with implications for developing treatments
for allergic diseases.

Cohousing SPF mice with pet store mice induces lung immune changes.

As previously described32, cohousing laboratory mice with mice from pet stores for at

least two months led to seroconversion against common murine pathogens, indicative of an
immune response to pathogens transmitted from the pet store mice (Extended Data Fig. 1a).
In comparison, the degree of seroconversion in mice cohoused for two weeks was generally
lower, suggesting ongoing infections during the first few weeks of cohousing that have not

yet resulted in antibody levels detectable by serology (Extended Data Fig. 1b).

How the duration of cohousing affects lung immune cell populations, including ILC2, was
unknown. We therefore examined the cellular composition of the lungs in SPF, two-week,
and two-month cohoused mice. Cells were determined to be in the lungs and not in
circulation by injecting a fluorescently conjugated antibody against CD45 minutes before
euthanizing the animal and then identifying the cells in the intravenous CD45-negative
(i.v.7) fraction (Extended Data Fig. 2). Alveolar macrophages had an i.v.-intermediate
phenotype and were quantified without considering i.v. status. CD4* and CD8* T cell
numbers increased in cohoused animals at both two weeks and two months of cohousing,
and neutrophils and y8 T cells were significantly increased at two months (Fig. 1a—b).
Notably, the size of the ILC2 population was unchanged by cohousing at either timepoint.
Lung ILC2 were then characterized in more detail. Surface expression of ST2, the receptor
for I1L-33, was slightly reduced on lung ILC2 at both timepoints of cohousing, albeit with
variability among experiments (Fig. 1c—d, Extended Data Fig. 1c). CD25, the high-affinity
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IL-2 receptor chain, was increased only on two-week cohoused lung ILC2. ILC2 had a
similar surface expression of KLRG1, ICOS, and CD127 in all groups (Fig.1c—d, Extended
Data Fig. 1c). Thus, the milieu of lung immune cells is influenced long-term by cohousing,
ILC2 phenotype is slightly altered by physiological microbial exposure, but overall numbers
of ILC2 are not impacted.

Short-term cohousing impairs ILC2 responses to intranasal allergens.

For initial studies, we used intranasal exposure with A. alternata extract (Aff), which
provokes ILC2 activation and eosinophil infiltration in the lungs by 24 hours36. Both
C57BL/6 (B6) and (C57BL/6 x BALB/C)gq IL-5WUvenus (j|__5y F1) animals were used, the
latter to serve as a reporter for IL-5 production. As expected, there were few i.v.” eosinophils
in lungs of SPF mice given intranasal PBS, but after A/ttreatment this population increased
significantly by both percent i.v.” and total number (Extended Data Fig. 3a, b). Previous
studies indicate the type-2 response to allergens can be inhibited by exposure to microbial
products?4. One example is H. polygyrus protein HpARI, known to bind and block 1L-3327.
Indeed, intranasal administration of HpARI concurrent with A/fexposure led to significantly
reduced lung eosinophilia (Extended Data Fig. 3a, b). Likewise, HpARI inhibited production
of IL-5 by lung ILC2 in response to A/ttreatment, both by reduced frequency and
expression intensity of the IL-5 reporter and reduced surface expression of ST2 (Extended
Data Fig. 3c—d) and CD25 (Extended Data Fig. 3e—f). These results demonstrate ILC2
responses to A/t can be inhibited by microbial products in B6 and IL-5v F1 reporter mice
and be read out with flow cytometry.

To answer whether physiological microbial exposure would impact the ILC2 response to
Alt, SPF B6 and SPF IL-5v F1 animals were cohoused with pet store mice. Two weeks

of cohousing led to a significant reduction in i.v.” eosinophils 24 hours after a single
intranasal exposure to A/t; while eosinophil numbers increased >40-fold in SPF mice,

this was limited to only a ~7-fold increase in two-week cohoused mice (Fig. 2a). This
impaired response was observed over multiple experiments from independent cohousing
cohorts with pet store mice purchased from multiple pet stores (Extended Data Fig. 4a). The
frequency and fluorescence intensity of IL-5v* lung ILC2 was also reduced in two-week
cohoused mice exposed to A/t (Fig. 2b—c). The number of ILC2 decreased slightly 24 hours
after A/ttreatment in both groups (Extended Data Fig. 4b), perhaps due to the reported
phenomenon of increased difficulty in extracting activated lymphocytes from tissues. We
considered whether cohousing affected IL-5 producing CD4* T cells in the lung, but the
population of parenchymal CD4* T cells was similarly small in two-week cohoused and
SPF animals and no significant change in the number of IL-5v-expressing CD4* T cells was
induced by cohousing or A/ttreatment (Extended Data Fig. 4c—€). These results demonstrate
physiological transmission of natural murine microbes from pet store mice limits ILC2
responses against an airway allergen and reduces lung eosinophilia.

To determine the extent to which physiological microbial exposure led to a sustained change
in the lung response to allergens, we next assessed mice cohoused long-term, for at least
two months. In contrast to two-week cohoused mice, the response to A/tin two-month
cohoused animals was indistinguishable from SPF animals, inducing similar numbers of
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i.v.” eosinophils (Fig. 2d, Extended Data Fig. 4f) and similar production of IL-5v by lung
ILC2 at 24 hours after A/ttreatment (Fig. 2e—f).

To test whether our findings were unique to responses against A/f, we treated mice
intranasally every other day three times with papain, a cysteine protease derived from
papaya, which is an occupational allergen in humans and promotes an ILC2-mediated type-2
immune response in mice3”- 38, As with A/t papain treatment induced prominent lung
eosinophilia in SPF mice, but two-week cohoused mice were almost completely protected
from this reaction (Fig. 2g). Lung ILC2 numbers also increased in papain-treated SPF

mice but were unchanged by allergen treatment in two-week cohoused mice (Fig. 2h). Two-
month cohoused mice treated with papain, on the other hand, exhibited lung eosinophilia
and ILC2 expansion equal to SPF controls (Fig. 2i—j). I.v.” CD4* T cells increased in
number in SPF and two-month cohoused mice after three papain treatments but was not
significantly increased after papain treatment in two-week cohoused mice (Extended Data
Fig. 4g), correlating with the observed changes in eosinophils and ILC2. These results with
papain confirm transient suppression of ILC2 by cohousing using an independent intranasal
allergen model with repeated exposure. Together, these data suggest acute physiological
microbial exposure does indeed provoke an impaired type-2 response to inhaled allergens,
but this blunted response is not sustained long-term.

Delayed initial response to Alt in two-month cohoused mice.

Although we observed similar eosinophil recruitment and IL-5 production 24 hours
following A/ttreatment in SPF and two-month cohoused mice, it was unclear whether
these responses showed identical kinetics. One of the first steps in the type-2 response

to acute airway allergen is the release of the alarmin IL-33, derived from the nucleus of
lung cells38: 39, We collected bronchoalveolar lavage fluid (BALF) from lungs of SPF and
two-month cohoused mice one hour after A/ttreatment and measured 1L-33 by ELISA.
IL-33 was significantly lower in A/ttreated long-term cohoused mice than SPF mice (Fig.
3a). To determine whether decreased IL-33 would have an impact in type-2 cytokine levels
immediately after allergen treatment, BALF and lung samples were collected 4.5 hours
after Altexposure. Reflecting the lower 1L-33, cohoused mice also had reduced IL-5

and IL-13 in the lungs and BALF (although IL-13 in the BALF did not reach statistical
significance) (Fig. 3b—c and Extended Data Fig. 5a—b). We also measured IL-5 and IL-13
in the lungs of SPF and two-month cohoused BALB/c mice and observed a similarly
reduced cytokine response at this acute 4.5 hour timepoint (Extended Data Fig. 5¢—d). This,
along with consistent responses in previous experiments between B6 mice and IL-5v F1
reporter mice, demonstrates the observed phenomena in cohoused mice are not specific to
one inbred strain of laboratory mice. To test whether lower initial amounts of IL-5 and
IL-13 were due to reduced initial IL-33 or if two-month cohoused mouse ILC2 had reduced
sensitivity to IL-33, mice were treated intranasally with recombinant IL-33 and IL-5 and
IL-13 were measured 4.5 hours later. We found IL-5 was slightly reduced in two-month
cohoused mouse lungs, but lung IL-13 and BALF IL-5 and IL-13 were unchanged (Fig.
3d-e, Extended Data Fig. 5e—f). These results suggest lower I1L-5 production 4.5 hours after
Alttreatment in two-month cohoused mouse lungs is in large part due to reduced IL-33 but
may also reflect reduced sensitivity to IL-33 by ILC2. Together, these findings suggest there
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are some sustained changes in initial responses toward A/tin two-month cohoused mice.
Nevertheless, these alterations do not prevent lung ILC2 activation and efficient eosinophil
infiltration 24 hours after A/texposure in two-month cohoused mice (Fig. 2), suggesting the
type-2 response to allergens is delayed but not completely inhibited by long-term cohousing
with pet store mice.

Long-term cohousing does not impair response to repeated Alt exposure.

It was possible the altered initial response toward A/fin two-month cohoused mice would
impact the effects of repeated A/texposure. To test this, we adapted a model of repeated
airway Alttreatment in SPF and two-month cohoused animals, treating mice intranasally
with the allergen every other day three times and analyzed 24 hours later order to focus

on the innate immune response. After repeated exposure to A/t, there was an expansion of
ILC2 in the lungs of both SPF and two-month cohoused mice (Fig. 4a), and a subsequent
recruitment and/or expansion of i.v.” eosinophils, neutrophils, and conventional (Foxp3™)
and regulatory (Foxp3*) CD4* T cells in both groups of mice (Fig. 4b—e). While most

of these cell populations were slightly elevated in PBS-treated two-month cohoused mice
compared to PBS-treated SPF mice, reflecting the impact of cohousing at steady-state (Fig.
1b), A/ttreatment led to cell populations of approximately equal size in SPF and two-month
cohoused lungs. The magnitude of the recruited or expanded populations may therefore

be slightly decreased in two-month cohoused mice (since the number of cells was higher
in these mice before treatment); however, a type-2 response clearly was not substantially
inhibited in two-month cohoused mice after repeated allergen exposure.

Cohousing rapidly and stably alters the fecal bacterial composition.

Our data indicated ILC2 responses to airway allergens is transiently inhibited by microbes
introduced through cohousing (Fig. 2). One possible explanation for these findings would
be changes in the commensal microbiome, with perhaps a transient change occurring two
weeks after cohousing which again shifts (or reverts to the SPF microbiome) by two months
of cohousing. A gut-lung axis has been described, such that bacteria in the intestines can
impact immune cell function in the lungs® 41, Furthermore, introducing microbiota from
wild mice into inbred laboratory mice led to varied changes in immune reactivity34 35 42,
Hence, fecal samples were collected from three cages throughout two months of cohousing
to document changes in the microbiome using 16S rRNA amplicon sequencing. In two out
of three cages analyzed using principal coordinate analysis, the microbiota of cohoused
mice clustered with pet store mice and away from SPF controls by seven days (the earliest
timepoint collected after cohousing), and the third cage clustered by fourteen days (Fig.

5a, b, Extended Data Fig. 6a). After cohousing, bacteria such as Lachnospiraceae and
Bacteroidales hecame less abundant and Ligilactobacillus expanded (Fig. 5a, ¢, Extended
Data Fig. 6a). Helicobacterwas undetectable in SPF mice but was found in pet store

mice and appeared after cohousing and was detectable at all timepoints (Fig. 5¢, Extended
Data Fig. 6b—c). SourceTracker analysis*3 to assess engraftment of the pet store microbiota
revealed the fecal microbiome of cohoused mice was more similar to that of pet store than
SPF mice by fourteen days of cohousing in all cages and remained more similar to pet store
mice (approximately 60% similarity) than SPF (approximately 25%) through sixty days of
cohousing (Fig. 5d). Samples collected from SPF mice at day sixty were 80% similar to
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SPF samples collected at day zero when analyzed with SourceTracker. Thus, cohousing
laboratory mice with mice from pet stores quickly alters the bacterial fecal microbiome

and does not revert to an SPF-like community. It is possible a single group of bacteria not
identifiable with this approach contributes to the effect on ILC2; however, the absence of a
clear difference in the gut microbiome in two-week and two-month cohoused mice led us to
investigate other potential mechanisms for suppression of the ILC2 response to allergens in
short-term cohoused mice.

Interferon receptor signaling is transiently induced by cohousing.

To identify differences between two weeks and two months of cohousing, we next assayed
serum cytokine and chemokine levels over time to assess changes in systemic inflammation
during cohousing. Most factors (including TNF-a, CXCL10, and IL-6) peaked 10-14 days
after cohousing. By two months of cohousing, these factors decreased but plateaued at
levels that were still elevated relative to SPF mice (Fig. 6a, Extended Data Fig. 7a).

These findings align with published results showing the frequency of CD44M3h blood

CDS8™ T cells (indicative of antigen experience) also peak at approximately two weeks

post cohousing®2. IFN-1 and IFN-11 can acutely inhibit ILC2 responses?4 29. 30,31 gnq
CXCL10, well-characterized as being induced by IFN#4, is elevated in the serum at two
weeks of cohousing. These data suggest differences in IFN stimulation may correspond
with the suppression of ILC2 responses early but not late after cohousing. To explore this
possibility, we cohoused Mx29% C57BL/6 mice which express green fluorescent protein
(GFP) in place of the IFN-stimulated response element-dependent gene MxZ; evidence of
current or recent IFNR signaling in cells can be detected through GFP expression?®. Mx1 in
C57BL/6 mice is not functional and therefore cohoused Mx29%7 mice do not have impaired
anti-viral responses against pathogens transmitted from pet store mice*6. We first measured
Mx1-GFP in immune cells in the blood of cohoused mice over time (Fig. 6b and Extended
Data Fig. 7b). Immune cell populations exhibited different maximal GFP expression and had
slightly different kinetics, with neutrophils being insensitive and NK cells being particularly
responsive, and CD8" T cells showing elevated GFP for the longest time. Despite the
variability, evidence of IFNR signaling in cells in the blood was highest seven days after
cohousing, and by sixty days of cohousing Mx1-GFP expression was no different from SPF
mice (Fig. 6b). Mx1-GFP expression was also found in CD8* and CD4* T cells in the
spleens of two-week cohoused MxZ9% mice (Extended Data Fig. 7c), and Mx1-GFP was
still slightly elevated in splenic CD8* T cells of two-month cohoused mice but not splenic
CD4* T cells (Fig. S7d). Along with elevated serum cytokines in two-week cohoused mice
(Fig. 6a) these data from Mx29% mice point to higher levels of systemic inflammation, and
specifically IFNR signaling, in two-week cohoused versus two-month cohoused mice.

We next looked for evidence of IFNR signaling in immune cells in the lungs of cohoused
mice. The percent of Mx1-GFP* lung ILC2 was significantly increased in two-week
cohoused mice but by two months of cohousing, the percent positive was down to the
baseline levels seen in SPF ILC2 (Fig. 6¢). Lung CD4* and CD8" T cells, eosinophils,
alveolar macrophages, and B cells also had increases in Mx1-GFP expression at two weeks
of cohousing compared to SPF but again were back to SPF levels by two months (Extended
Data Fig. 7e—f). These results support the possibility that increased IFNR signaling at two
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weeks of cohousing contributes to suppression of lung ILC2 responses to A/, either directly
in ILC2 or through other cells in the lungs acting upon ILC2. Previous work showed IFN-b
and IFN-g signaling can reduce the expression of transcription factor Gata3 in lung ILC224,
Gata3 was indeed decreased in ILC2 from two-week cohoused mice but not from two-month
cohoused mice (Fig. 6d). A reduction in expression of a key transcription factor controlling
the ILC2 cell program provides a plausible explanation for the reduction in IL-5 production
in response to airway allergens (Fig. 2). Testing the necessity of IFNs for suppression of
ILC2 at two weeks of cohousing was not feasible due to impaired anti-viral responses and
increased mortality in cohoused interferon alpha receptor and interferon lambda receptor
deficient mice?’.

Our findings raised the question of whether long-term cohoused mice had developed
insensitivity to IFNs and other inflammatory factors or whether, like SPF mice, the innate
immune response to allergens could be inhibited by acute exposure to inflammatory

cues. We treated SPF and two-month cohoused mice intranasally with poly(1:C) one day
before treating with A/tand examined the response 24 hours later to determine whether
re-introducing IFN production in the lungs could suppress A/t responses in mice with

a history of microbial exposures. First, we measured Mx1-GFP in lung ILC2 of SPF
Mx19" mice to ensure intranasal poly(I:C) treatment induced IFNR signaling in ILC2
(Extended Data Fig. 7g). As expected, poly(l:C) pretreatment suppressed lung eosinophil
recruitment in SPF mice in response to A/24, and we found poly(1:C) pretreatment similarly
suppressed lung eosinophilia in two-month cohoused mice (Fig. 7a). IL-5v production from
ILC2 in response to A/fwas also suppressed with poly(1:C) administration in both SPF

and two-month cohoused mice (Fig. 7b—c). Intranasal poly(l:C) pretreatment also caused
reduced expression of ST2 and CD25 on lung ILC2 in both SPF and two-month cohoused
mice, reflecting reduced activation (Fig. 7d—e). These results with poly(l:C) demonstrate the
type-2 immune response to allergens is sensitive to blockade through the acute production
of inflammatory factors and supports the conclusion that increased inflammatory signals at
two weeks of cohousing with pet store mice leads to the suppression of ILC2 response to
allergens.

Discussion

In addition to genetic factors, an individual’s history of microbial exposures is an important
component influencing the susceptibility to allergic diseases. In epidemiological studies,
human subjects may have had months, years, or decades of microbial exposures, depending
on the age of participants. The identities, timing, and frequency of the full range of
bacteria, viruses, and fungi an individual has been exposed to in their lifetime cannot be
determined, but these exposures are believed to be an important component in determining
one’s susceptibility to developing allergic conditions. The cohoused mouse model employed
here provides the benefits of animal models — genetic homogeneity, genetic tools such as
fluorescent gene reporters, short experimental timeframes, and the ability to characterize
responses within tissues — but also allows us to study the impact physiological microbial
exposures (both pathogens and commensal microorganisms) has on immune responses,
which cannot be addressed with SPF animals or more reductionist approaches*®: 4%, One
potential concern about using cohoused mice is that heterogeneity in the timing and range
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of microbial transfer might lead to high variability in immune phenotype or immune
responses. In recently published work, the contributions of individual pathogens on the
immune phenotype of cohoused mice were tested, and no single microbe or combination of
infections could explain the observed variability in immune activation0.

We specifically focused on the effects of diverse microbial experience on responses to
airway allergens and found short-term cohousing (two weeks) did indeed lead to a reduced
type-2 responses to the allergens A. alternata and papain. However, the ability to mount a
type-2 response against single or repeated exposures to the allergen was restored after long-
term cohousing (at least two months) despite initial reduction in IL-33 release. A central
finding here is that prior microbial experience does not permanently reduce flexibility in
immune reactivity; while short-term cohousing resulted in inhibition of a type-2 response,
this was restored in long-term cohoused mice. These findings imply the immune system

can “reset,” in this case restoring the ability to mount a type-2 immune response to airway
allergens. This occurs despite sustained changes in immune cell composition of the lungs,

a stably altered microbiota, and elevated inflammatory factors in the serum. Furthermore,
despite diverse microbial experience in two-month cohoused mice, they were still responsive
to blockade of this type-2 response by acute exposure to a new inflammatory cue, poly(l:C).

These results support underlying concepts of the hygiene hypothesis, but argue, at least for
lung ILC2, it is recent microbial exposures rather than the cumulative infectious history
which dictates responsiveness to allergens. This conclusion has logical appeal, since it
would behoove the immune system to remain flexible for appropriate responses independent
of previous microbial exposures — for instance, being able to mount a type-2 immune
response against helminthic infections despite a history of numerous type-1 responses
against intracellular pathogens. Physiological, unsynchronized transmission of microbes
(including several viruses) causes transient blockade of type-2 responses to allergens,

but this effect is largely lost once acute infections and high levels of inflammation

have resolved. This immunological “resetting” contrasts with responses to other immune
challenges, such as infection by Listeria monocytogenes, Plasmodium berghei, sepsis, and
influenza vaccination, all of which are stably altered in two-month cohoused mice32: 50. 51,
Hence, several aspects of the immune response changed long-term following diverse
microbial experience, but the ability to mount an innate type-2 response to inhaled allergens
is evidently not one of these.

Whether ILC2 would be more, less, or equally responsive to airway allergen in cohoused
versus SPF mice was not obvious prior to our studies, as previous publications could
support opposing hypotheses. For example, cohoused mice showed evidence of strong
type-1 immunity, yet also displayed evidence of type-2 responses (including elevated IL-5,
IL-13 and IgE levels in the serum) consistent with a history of, or ongoing, parasitic
infections32 51, Some parasitic infections impede subsequent allergic responses®2 53,
Conversely, this type-2 signature may have been an indicator of immune cells poised to
robustly respond to additional type-2 stimuli such as airway allergens. In humans, certain
severe respiratory infections in infants and children, such as respiratory syncytial virus
and rhinovirus, are associated with increased likelihood of wheeze and allergic asthma,
potentially through vulnerability of unresolved lung tissue damage®*. We did observe
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evidence of prior lung infections, with increases of multiple immune cell populations in

the lungs, particularly neutrophils and T cells; however, this did not result in increased
sensitivity to allergens. In fact, two-month cohoused mice had reduced IL-33 in BALF after
Alttreatment.

It is worth reiterating that the response of long-term cohoused mice to lung allergens is

not identical to that of SPF mice, since the initial type-2 response is impaired (Fig. 3),
despite reaching the same degree of eosinophil infiltration by 24 hours and later (Figures 2,
4, 7). Whether this “hesitation” in the type-2 response of long-term cohoused mice relates
to the sustained changes in commensal microbes (Fig. 5) or a durable effect of earlier
inflammatory responses (Fig. 6) is unclear, but of interest for further investigation.

Our indicate strong IFNR signals correlate with impaired innate type-2 response to allergens
in cohoused mice, and IFNR signaling is known to reduce GATA3 expression and cytokine
production in 1LC224 30,31 providing a plausible mechanism for the reduced I1LC2
function. We cannot exclude the role of other inflammatory cues, which also peak during
short-term cohousing (Fig. 6a), however. We could not directly test whether IFNs are
required for impaired responses in two-week cohoused mice, since IFNR-deficient mice
do not survive cohousing with pet store mice?’. Acute infection by mouse pathogens is

a logical explanation for the burst of IFNs (and other inflammatory cytokines) seen early
after cohousing, although it is certainly possible that adoption of the pet store mouse
microbiome (which would include organisms that are not detectable in our 165rRNA
sequencing analysis) may also contribute to this response. We attempted to cohouse dams
and neonatal mice with pet store mice to understand the effects of microbial exposures

at birth on type-2 responses. However, high mortality of pups in our pilot experiments
discouraged us from this line of inquiry.

In conclusion, testing airway allergic responses in a mouse model of microbial exposure
due to physiological transmission of murine pathogens and commensals reveals infectious
history does not have a robust and lasting effect on reducing allergic airway responses
mediated by ILC2, unlike acute exposure to microbial products. Despite long-lasting
impacts microbial exposure through cohousing has on the immune response systemically
and in the lungs, it may be acute triggers of inflammation such as IFNs that are the relevant
inhibitors of allergic immune responses. These findings have direct implications for how
susceptibility to type-2 immune responses against allergens can be effectively managed.

Female C57BL/6 (B6) and BALB/cJ mice were purchased from Charles River (via National
Cancer Institute). j/5vernus/venus AL B/c mice were kindly provided by Dr. Kiyoshi Takatsu,
Toyama University®®. These mice were bred in-house with B6 mice for one generation

to produce (B6 x BALB/c)g1 mice heterozygous for the cytokine reporter (called IL-5v

F1). Mx19% mice*> were purchased from Jackson Labs and kindly provided by Dr. Kristin
Hogquist, University of Minnesota. In Figure panels 1a, c—d, data from Mx29% C57BL/6
mice were pooled with non-transgenic C57BL/6. Pet store mice were purchased from
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Twin Cities area pet stores and cohoused with SPF mice as described32. Mice for these
studies were purchased from four different local pet stores over four years, comprised of
approximately 40 cohorts and approximately 90 cages. One pet store mouse was cohoused
within one week of purchase with up to four laboratory mice, aged 6 to 10 weeks, in a
standard mouse cage, or up to eight laboratory mice in a large rat cage. One pet store
mouse was introduced per cage and remained in the cage for the duration of the experiment.
Only female mice were used; males cannot be cohoused as this creates animal welfare
concerns due to fighting, aggression, and social defeat. Infectious agent screening was done
as described32. Mice were cohoused when at least 6 weeks of age and used for experiments
between 13 and 17 days (2wk CoH) or 56 and 120 days (>2mo CoH) post-cohousing.

Upon euthanasia, a small number of cohoused mice had overt lung pathology, which did
not correlate with the appearance or behavior of the live mice. Pathology consisted of pale
white or gray tissue, mottled in appearance and of a tougher consistency than healthy lungs,
making up at least an estimated 25-100% of the outer surface of the lungs. This lung
appearance was associated with increased lung neutrophils. We did not find this pathology
significantly impacted the results of the studies and data were left in the analysis. Mice
were euthanized with an overdose of isoflurane. Cohoused animals were maintained in
A-BSL3 under specific pathogen—free conditions at the University of Minnesota. Both SPF
and BSL-3 housing maintained humidity between 30 and 70% and temperature between 20
and 23°C. SPF room was on a 14 hour light/10 hour dark cycle and BSL-3 room was on a 12
hour light/12 hour dark cycle. Animal chow in both rooms (Teklad 2918) and was provided
ad libitum and changed at least weekly. All experimental procedures were approved by the
Institutional Animal Care and Use Committee at the University of Minnesota.

Airway administration of A. alternata, papain, HpARI, rIL-33, and poly(l:C)

Alternaria alternata extract (Aft, Greer Laboratories, Lenoir, NC, 100 pg in 40 pl PBS for B6
and F1 mice, 50 pg in 50 pl PBS for BALB/c mice), papain (Sigma-Aldrich, 20 pg in 40 pl
PBS), recombinant IL-33 (R&D Systems, Minneapolis, MN, 200 ng in 40 pl), or PBS were
administered intranasally (i.n.) once or three times (days 0, 2, and 4) to mice anesthetized
with isoflurane. In some experiments, recombinant HpARI2? (10ug) was mixed with A/t

In some experiments mice were pre-treated with i.n. poly(l:C) (Invivogen, San Diego, CA,
50ug in 40 ul PBS) 24 hours before A/ttreatment.

Flow cytometry

Lymphocytes were isolated from lungs as previously described®®; however instead of
Percoll, after GentleMax tissue dissociation red blood cells were lysed by incubating for
10 minutes in 10 ml ACK buffer and washed in 20 ml RPMI with 3% FBS. In experiments
quantifying Tregs, Treg-Protector (BioLegend, 50 g in 100ul) was injected i.v. 15-30
minutes prior to mouse sacrifice as described®’. Direct ex vivo staining was performed

as described previously®® with fluorochrome-conjugated antibodies (purchased from BD
Biosciences, BioLegend, eBioscience, Cell Signaling Technology, Tonbo or Thermo Fisher
Scientific). For discrimination of vascular-associated lymphocytes, in vivoi.v. injection of
FITC, vF450, or BUV605 conjugated CD45 antibody was performed as described>®. Viable
cells were identified using Live/Dead (Tonbo Biosciences). For detection of intracellular
factors surface stained cells were permeabilized, fixed and stained by using eBioscience
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Foxp3 staining kit according to manufacturer instructions. Flow cytometric collection was
performed using BD FACSDiva Software v8.0.1 on a LSR Fortessa (BD Biosciences) and
analyzed using FlowJo software v8.0.1 (Treestar).

Lung and BALF cytokine measurements

After euthanasia, the trachea was cannulated and lungs were lavaged with HBSS (2 x

0.5 ml). Lungs were then collected. BALF and lungs were stored at —80°C for cytokine
assays. Lungs were homogenized with a glass dounce in 1.0 ml PBS with Halt protease and
phosphatase inhibitor (Thermo Scientific). The homogenates were centrifuged at 10,000 g
at 4°C for 15 min, and protein concentrations in the supernatant were quantified with BCA
Protein Assay kit (Thermo Scientific). Levels of IL-5, IL-13, and IL-33 in lung homogenate
and BAL supernatants were measured by Quantikine ELISA kits (R&D systems) per
manufacturer instructions. Data were collected using Microplate Manager Software v6.3
(Bio-Rad Laboratories).

Fecal sample DNA extraction and sequencing

DNA was extracted from individual mouse fecal pellets using DNeasy PowerSoil Pro

kit (QIAGEN, Hilden Germany) on the automated QIlAcube platform using the inhibitor
removal technology protocol. The V4 region of the 16S rRNA gene was amplified and
sequenced using the 515F/806R primer set80. Dual-indexed paired-end sequencing was done
on the Illumina MiSeq platform at a read length of 301 nucleotides (nt), as described
previously®1. Amplification and sequencing were done by the University of Minnesota
Genomics Center with negative controls (sterile water) included in the run which did

not produce amplicons. Raw sequence reads are deposited in the National Center for
Biotechnology’s Sequence Read Archive under BioProject accession number SRP371485.

Amplicon data processing and analysis

Sequence data were processed and analyzed using mothur software (ver. 1.41.1)%2,
Sequences were trimmed to 170 nt, paired-end joined using fastg-join®3, and trimmed for
quality using an average quality score of 35 over a 50 nt window, homopolymers <6 nt, no
ambiguous bases, and <2 nt differences from primer sequences. High quality sequences were
aligned against the SILVA database (ver. 138.1)84, and sequences falling outside the primer
regions were removed. Chimeras were identified and removed using UCHIME ver. 4.2.4065,
Operational taxonomic units (OTUs) were binned at 99% similarity using the furthest-
neighbor algorithm, and taxonomic assignments were made using the version 18 release
from the Ribosomal Database Project®®. Difference databases were used for alignment and
taxonomic classifications due to considerations described previously®7. Diversity indices
and statistical analyses were done using mothur. For statistical comparisons, samples were
rarefied to 35,500 reads per sample, which yielded a mean Good’s coverage estimate of 98.7
+ 0.8% among all samples. Beta diversity was calculated using Bray-Curtis dissimilarities
and visualized by ordination using principal coordinate analysis (PCoA)®8. Genera with
abundances with significant Spearman correlations related to axis position were identified
and overlaid on the PCoA plot using the corr.axes command in mothur. Engraftment

of microbiota from cohousing was determined using SourceTracker243. Analyses were
performed separately by cage, with the pet store mouse used for cohousing in that cage
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as well as all baseline samples (from SPF controls as well as samples of the cohoused mice
collected before introduction of pet store mouse) designated as separate sources.

Serum cytokine measurements

SPF mice were bled prior to cohousing with pet store mice, as well as on various

days during sixty days of cohousing. Serum cytokines and chemokines were quantitated
according to manufacturer instructions using a ProcartaPlex custom 7-plex panel (CXCL10,
IL-1B, IL-4, IL-6, IL-10, IFN-v, and TNF-a; Invitrogen) using a Luminex 200 with Bio-
plex Manager Software v6.0 (Bio-Rad Laboratories). Samples below the limit of detection
were assigned a concentration of 0 pg/ml.

Blinding and data exclusion

Statistics

Blinding was not conducted as one researcher was responsible for the entirety of each
experiment. Mice that were observed not to inhale the intranasal treatment were excluded

as they did not receive the intended dose. Samples where intravenous fluorescent labeling

of cells was poor due to technical error, or samples where a flow cytometry antibody was
inadvertently left out of the antibody cocktail were omitted from analysis as cell populations
could not be properly gated.

GraphPad Prism was used to determine statistical significance. Student unpaired

two-tailed t-test, Student paired t-test, one-way ANOVA, two-way ANOVA with Tukey’s
multiple comparisons test, or mixed-effects analysis with multiple comparisons was used
where appropriate as indicated in the Figure legends. Data distribution was assumed to be
normal but was not formally tested. Statistical tests for equal variance were conducted, and
unequal variance tests are noted in the figure legends. For two-way ANOVA tests, only
relevant comparisons were shown (e.g. we did not report SPF PBS vs. >2mo CoH A/j).

In Figure 5e and Figure 6 when many groups were compared only comparisons reaching
statistical significance were reported in order to improve clarity. A Pvalue = 0.05 was
considered not statistically significant.

Data Availability

Raw sequence reads from 16S rRNA amplicon sequencing are deposited in the National
Center for Biotechnology’s Sequence Read Archive under BioProject accession number
SRP371485. Source data are provided with this paper. SILVA rRNA database can be

found at https://www.arb-silva.de/ (PMID: 1794732). UCHIME database can be found at
https://drive5.com/uchime/uchime_download.html (PMID: 21700674). Ribosomal Database
Project can be found at http://rdp.cme.msu.edu/ (PMID: 19004872).

Code Availability

Code for 16S rRNA sequencing-based microbiome analysis is available in PMID:
3022789259,
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Extended Data
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Extended Data Fig. 1. Serology screening for SPF pathogensin cohoused mice.
Blood samples were collected and tested for antibodies against common murine pathogens.

Each column represents an animal. Each row indicates a pathogen. Filled boxes indicate
positive results, lighter shaded boxes indicate equivocal (weak positive) results. White boxes
indicate negative results. a, Serology results from representative pet store (7= 8), cohoused
B6 (n=26) and F1 IL-5v (7= 11) mice cohoused for approximately two weeks at the time
of blood collection. b, Serology results from representative pet store and cohoused B6, F1
IL-5v, and BALB/c mice cohoused for at least two months at the time of blood collection
(n=26/group). CPIL = Clostridium piliforme, ECUN = Encephalitozoon cuniculi, EDIM
= rotavirus, LCMV = lymphocytic choriomeningitis virus, MAV1+2 = mouse adenovirus 1
and 2, MCMV = murine cytomegalovirus, MHV = mouse hepatitis virus, MNV = murine
norovirus, MPUL = Mycoplasma pulmonis, MPV1+2 = mouse parvovirus type 1 and type
2, MVM = minute virus of mice, POLY = polyoma virus, PVM = pneumonia virus of mice,
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REO = reovirus, SEND = murine respirovirus (Sendai virus), TCMV = GDVII Theiler’s
murine encephalomyelitis virus. c. Representative flow cytometry histograms of protein
expression of lung ILC2 in age-matched SPF (blue) and CoH (red) mice at 2wk and >2mo.
Vertical gray lines are added to aid in comparison of expression among groups.
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Extended Data Fig. 2. Example flow cytometry gating.

Nat Immunol. Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Block et al. Page 16

Representative flow plots to illustrate gating strategy of immune cells in the lungs. a,
Neutrophil, eosinophil, and alveolar macrophage gating. b, y& T cell, CD4* T cell, CD8* T
cell, and NK cell gating. c, ILC2 and B cell gating.
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Extended Data Fig. 3. alternata response is susceptible to inhibition by microbial factors.
A. a, Eosinophils (CD45* SiglecF* CD11b* CD11c™ cells) were identified by being in

the lung parenchyma or airways by being unlabeled by a fluorescently tagged anti-CD45
antibody injected intravenously three minutes before euthanasia. Shown are B6 mice treated
24 hours prior with intranasal PBS or A. alternata (A/)) or HpARI and A/t Numbers in plots
represent percent of cells in the gate. b, Number of eosinophils in the lungs and airways

(i.v. CD457) 24 hours after indicated intranasal treatment. Mice were B6 (white circles) or
B6XBALB/c IL-5WT/Nenus (| .5y F1, light blue squares). Bar graph shows mean +SD of log
transformed values. c, Representative flow plots of IL-5 venus expression in IL-5v F1 lung
ILC2. d, IL-5 venus gMFI of IL-5 venus* lung ILC2. e-f, ST2 (e) and CD25 (f) of B6 and
IL-5v F1 mice. gMFIs from multiple experiments normalized to PBS-treated group set to
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100. b and e-f, Pooled from one B6 and one IL-5v F1 experiment (n7= 5-9/group). d, Data
from one experiment in IL-5v F1 mice (/7= 2-3/group). Bar graphs show mean +SD. Each
symbol represents a mouse. P values were determined with one-way ANOVA with Tukey’s
multiple comparisons test; n.s. p= 0.05. Source Data contains exact A-values and group
sizes.
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Extended Data Fig. 4. ILC2 numbersand CD4* T cell data from two-week cohoused mice.
Flow analysis 24 hours after intranasal PBS or A/ttreatment. Mice were B6 (white) or IL-5v

F1 (light blue) and were cohoused with pet store mice for approximately two weeks (2wk)
or were age-matched SPF controls. a, f, Data in Figures 2a and 2d are presented again,
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with samples from each experiment indicated with a different symbol/color combination so
that experiment-to-experiment variation can be visualized. b, Number of lung ILC2. c-d,
IL-5 venus expression within lung (i.v. CD457) CD4* T cells of IL-5v F1 SPF and 2wk
CoH mice 24 hours after PBS or Alttreatment. ¢, Representative flow plots of IL-5 venus
expression in lung CD4™ T cells. d, Percent IL-5 venus* and e, normalized IL-5 venus gMFI
of IL-5 venus* lung CD4* T cells. b, Pooled from four B6 experiments and two IL-5v F1
experiments (7= 12-14/group). c-e, Pooled from two IL-5v F1 experiments (n7 = 4—-6/group).
Numbers in plots represent percent of cells in the gate. Bar graphs show mean +SD. g,

Mice were treated with intranasal PBS or papain every other day three times and analyzed
24 hours after the last treatment and are from the same experiments described in Fig. 2g—j.
Number of lung i.v.” CD4* T cells in 2wk or >2mo CoH B6 mice or age-matched SPF
controls. Bar graphs show mean +SD of log-transformed values. Each symbol represents a
mouse. Pvalues were determined with a 2-way ANOVA with Tukey’s multiple comparisons
test; n.s. p= 0.05. Source Data contains exact A-values and group sizes.
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Extended Data Fig. 5. BALF and lung cytokine measurements.
a-b, e-f, B6 mice (white circles) or c-d, BALB/c mice (pink diamonds) were cohoused with

pet store mice for at least two months (>2mo CoH) or were age-matched SPF controls.
Alt(a-d), recombinant I1L-33 (rIL-33, e-f) or control PBS were given intranasally to mice
and lungs and bronchoalveolar lavage fluid (BALF) were collected 4.5 hours later. IL-5
and IL-13 in the lung homogenates (c-d) and BALF (a-b, e-f) were detected by ELISA
and lung concentrations were normalized to the amount of total protein in the samples. a-b
pooled from three experiments (7= 6-10/group). c-d pooled from four experiments (n=
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6-12/group). e-f pooled from three experiments (/7= 5-12/group). Bar graphs show mean
+SD. Each symbol represents a mouse. P values were determined with a 2-way ANOVA
with Tukey’s multiple comparisons test; ns p= 0.05. Source Data contains exact P-values
and group sizes.
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Extended Data Fig. 6. Fecal microbiota analysis.
a, Principal coordinates analysis (PCoA) of Bray-Curtis distances of mouse fecal samples

from cohoused Cages 2 and 3 (Cage 1 PCoA in Figure 5b). SPF samples represented by
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circles are control SPF mice used in analysis of all cages and SPF samples represented

by the symbols used for cohoused mice in each graph are from those same mice before
cohousing. b, Distributions of abundant genera in mouse fecal samples from Cages 2 and 3.
Less abundant genera accounted for less than 2.5% of the community among all samples. c,
Distributions of abundant genera in mouse fecal samples from SPF control mice collected on
day 0 of cohousing and 60 days later. Less abundant genera accounted for less than 2.5% of
the community among all samples.
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Extended Data Fig. 7. Serum cytokines and Mx1-GFP expression in cohoused mice.
a, Serum cytokine and chemokine levels of B6 mice days 0 and 60 after cohousing with

a pet store mouse, (n7= 8). These are from the same data in Figure 5d. Bar graphs show
mean +SD. Pvalues were determined with a two-tailed Wilcoxon matched-pairs signed rank
test; n.s. p=0.05. b, Representative flow plots of Mx1-GFP expression in blood CD8* T
cells from wild-type B6 and Mx29% mice either housed in SPF conditions or after seven
days of cohousing. Numbers in plots represent percent of cells in the gate. c-d, Percent
Mx1-GFP* of the indicated cell populations in the spleens of (c) 2wk or (d) >2mo CoH
mice or age-matched controls. . e-f, Percent Mx1-GFP* of the indicated cell populations in
the lungs of (e) 2wk or (f) >2mo CoH mice or age-matched controls. c-f, Bar graphs show
mean +SD. Each symbol represents a mouse. Pvalues were determined with a Student’s
t-test (two-tailed). When groups had unequal variance the t-test was conducted with Welch’s
correction; n.s. p= 0.05. g, Representative flow plots of Mx1-GFP expression in lung ILC2
from wild-type Mx29% mice 24 hours after intranasal treatment with PBS or A/t with the
indicated group treated with intranasal poly(1:C) 24 hours before A/ttreatment. Numbers in
plots represent percent of cells in the gate. Source Data contains exact P-values and group
sizes.
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Fig. 1. Mouse lung immune cell populations are altered by cohousing.
a, Lung immune cell populations of age matched SPF and two-week cohoused (2wk CoH)
B6 mice were identified and quantified by flow cytometry. All enumerated cells were i.v.

CD45™ except alveolar macrophages. Pooled from 7 experiments (7= 6-16/group). b,
Lung immune cells quantified from age matched SPF and B6 mice cohoused for at least
two months (>2mo CoH). Pooled from 3 experiments (17 = 8-12/group). a, b Bar graphs

show mean +SD of log transformed values. Each symbol represents a mouse. Pvalues

were determined with a Student’s t-test (two-tailed). Eosinophils in SPF vs. >2mo CoH
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had unequal variance and t-test was conducted with Welch’s correction; n.s. p= 0.05.

c-d. Geometric mean fluorescence intensity (gMFI) of surface proteins on lung ILC2 in
age-matched SPF and CoH mice. gMFI normalized to SPF groups in each experiment. c,
Two-week cohoused and age-matched SPF mice. Pooled from 3 experiments (7= 8/group).
Data are presented as mean values +SD. d, Two-month and age-matched SPF mice. Pooled
from 5 experiments (CD25, n= 18/group), 6 experiments (ST2 and CD127, n= 22/group),
and two experiments (ICOS, n= 7-8/group), KLRG1, n=5-6.group). P values were
determined with a Student’s t-test (two-tailed). In comparisons with unequal variance a t-test
was conducted with Welch’s correction; n.s. p= 0.05. Source Data contains exact P-values
and group sizes.
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Fig. 2. Mice cohoused for two weekswith pet store mice have inhibited eosinophil and ILC2
responsesto intranasal A. alternata and papain treatment.

a-f, Mice were treated once with intranasal phosphate buffered saline (PBS) or A. alfernata
extract in PBS (A/t) and analyzed 24 hours later. Mice were B6 (white circles) or
B6XBALB/c IL-5WT/venus (| -5y F1, light blue squares). Mice were cohoused with pet
store mice for approximately two weeks (2wk CoH, a-c) or at least two months (>2mo CoH,
d-f), or were age-matched specific pathogen free (SPF) mice. a, d, Number of eosinophils
in the lungs and airways (CD45 i.v.”) 24 hours after intranasal treatment. b-c and e-f, IL-5
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venus expression within lung ILC2 of IL-5v F1 SPF and 2wk CoH mice 24 hours after PBS
or Alttreatment. b, e, Representative flow plots of IL-5 expression in lung ILC2. Numbers
in plots represent percent of cells in the gate. ¢, f, IL-5 venus gMFI of IL-5 venus* lung
ILC2. g-j, Mice were treated with intranasal PBS or papain every other day three times

and analyzed 24 hours after the last treatment. g, i, Number of lung CD45 i.v.” eosinophils
in 2wk (g) or >2mo (i) CoH B6 mice or age-matched SPF controls. h, i, Number of lung
ILC2 in two-week (h) or >2mo (j) CoH mice. a, d, g-j bar graphs show mean +SD of
log-transformed values. ¢, f bar graphs show mean +SD, values from multiple experiments
normalized to SPF PBS-treated mice set to 100. a pooled from four B6 experiments and
two IL-5v F1 experiments (7= 12-14/group). b pooled from two IL-5v F1 experiments
(n=4-6/group). d pooled from three B6 experiments and four IL-5v F1 experiments (/7=
13-16/group). f pooled from four IL-5v F1 experiments (n7= 7-10/group). g, i, pooled from
four experiments (7= 7-9/group). h, j, pooled from two experiments (/7= 5-7/group). Each
symbol represents a mouse. Pvalues were determined with a 2-way ANOVA with Tukey’s
multiple comparisons test; n.s. p= 0.05. Source Data contains exact ~-values and group
sizes.
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Fig. 3. AcutelL-33, IL-5and IL-13 responses after A. alternata exposure are reduced in two-
month cohoused mice.

a, IL-33 in the bronchoalveolar lavage fluid (BALF) of SPF and >2mo CoH B6 mice

one hour after A/texposure, detected by ELISA. Pooled from three experiments (/7= 3-10/
group). b-e, A/t (b-c), recombinant I1L-33 (rIL-33, d-e) or control phosphate buffered saline
(PBS) were given intranasally to B6 mice and lungs and BAL were collected 4.5 hours later.
IL-5 and IL-13 in the lung homogenates were detected by ELISA and normalized to the
amount of total protein in the samples. b-c pooled from three experiments (7= 6-10/group).
d-e pooled from three experiments (n7 = 5-12/group). Bar graphs show mean +SD. Each
symbol represents a mouse. P values were determined with 2-way ANOVA with Tukey’s
multiple comparisons test; n.s. o= 0.05. Source Data contains exact ~-values and group
sizes.
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Fig. 4. Comparableimmuneinfiltration in SPF and two-month cohoused mice after repeated A.
alternata exposure.
SPF and >2mo CoH B6 mice were treated on days 0, 2, and 4 with intranasal PBS or A/t

and on day 5 lungs were harvested for flow cytometric analysis. All enumerated cells were
i.v. CD45". a, ILC2, b, eosinophils, c, neutrophils, d, CD4* conventional T cells (Foxp3™),
and e, Tregs (Foxp3*™ CD4* T cells). a-c pooled from three experiments, d-e pooled from
three experiments (77 = 4-14/group). Bar graphs show mean +SD of log transformed values.
Each symbol represents a mouse. P values were determined with two-way ANOVA with
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Tukey’s multiple comparisons test; n.s. p= 0.05. Source Data contains exact P-values and
group sizes.
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Fig. 5. Cohousing with pet store miceinduces changesto fecal microbiota

time cohoused (days)

a, Principal coordinates analysis (PCoA) of Bray-Curtis distances (r2 = 0.43) of mouse
fecal samples from three cohoused cages and SPF controls. The nine most abundant genera

were correlated with axes position, where positioning near samples groups indicates a

greater relative abundance of that genus. * indicates the bacterial group was unclassified at
greater resolution. B6 mouse fecal samples were collected at the indicated time points after
cohousing with pet store mice, SPF control samples were collected on days 0 and 60 of
cohousing, and pet store mouse samples were collected at days 7, 14, 30, and 60. Not all
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mice had samples collected at all timepoints. b, PCoA from Cage 1. PCoA for cages 2 and

3 can be found in Extended Data Figure 6. c, Distributions of abundant genera in Cage 1
mouse fecal samples. Less abundant genera accounted for less than 2.5% of the community
among all samples. Analysis for cages 2 and 3 can be found in Extended Data Figure 6. d,
SourceTracker analysis of cohoused cages 1, 2, and 3 comparing the similarity of 16S rRNA
amplicon sequencing of cohoused mice at the indicated timepoints to pet store and SPF
sequencing. Symbols represent mean £SD. c, Distributions of abundant genera in mouse
fecal samples from Cages 2 and 3. Less abundant genera accounted for less than 2.5% of the
community among all samples.
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Fig. 6. Cohousing with pet store mice induces transient systemic and lung inflammation.
a, Concentration of serum cytokines and chemokines in B6 mice collected at the indicated

timepoints after cohousing with a pet store mouse (7= 8). Symbols represent mean +SD.
b, Percent Mx1-GFP* cells of the indicated cell populations in the blood of SPF or
cohoused B6 MxI9% mice at the indicated timepoints. Bar graphs show mean +SD. P
values represent the indicated group compared to the same cell population in SPF mice
and were determined with a mixed-effects analysis with multiple comparisons. (7= 5-28/
group). ¢, Percent Mx1-GFP* in lung ILC2 two weeks or two months after cohousing and
age-matched controls. 2wk CoH pooled from four experiments (7= 10-12/group).; >2mo
CoH pooled from three experiments (/7= 12-13/group). Bar graphs show mean +SD. Each
symbol represents a mouse. P values were determined with a Student’s t-test (two-tailed)
with Welch’s correction; n.s. p= 0.05. d, Representative histograms and summary data of
intracellular Gata3 expression in lung ILC2 from age-matched SPF and CoH mice. gMFI
normalized to SPF groups in each experiment. 2wk CoH pooled from 2 experiments (7=
4-5/group), >2mo CoH pooled from 3 experiments (n7 = 10/group). Bar graphs show mean
+SD. Each symbol represents a mouse. P values were determined with a Student’s t-test
(two-tailed); n.s. p= 0.05. Source Data contains exact P-values and group sizes.
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Fig. 7. Poly(l:C) suppresses | L C2 and eosinophil responsesto A. alternata in SPF and two-month

cohoused mice.

SPF or >2mo CoH B6 (white circles) or IL-5v F1 (light blue squares) mice were treated with
intranasal poly(I:C) or left untreated 24 hours before intranasal PBS or A/tand analyzed by
flow cytometry 24 hours later. a, Number of lung i.v. CD45™ eosinophils. Bar graph shows
mean +SD of log transformed values. b, Percent of lung ILC2 expressing IL-5 venus. c,
gMFI of IL-5 venus, gated on IL-5 venus™ lung ILC2. d, Representative histograms and
summary data of ST2 expression on lung ILC2. e, Representative histograms and summary
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data of CD25 expression on lung ILC2. a, d-e, Pooled from two B6 and two IL-5v F1
experiments (1= 7-10/group). b-c, Pooled from two IL-5v F1 experiments (7= 3-4/group).
b, ¢, d, e, bar graphs show mean +SD. ¢, d, e gMFI values from multiple experiments

are normalized to PBS-treated group in each housing condition. Each symbol represents

a mouse. a,-b, Pvalues were determined with two-way ANOVA with Tukey’s multiple
comparisons test. Only statistically significant comparisons are indicated. c-e, Pvalues were
determined with one-way ANOVA with multiple comparisons; no symbol p= 0.05. Source
Data contains exact A-values and group sizes.
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