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ALLERGY

Laboratory mice with a wild microbiota generate strong
allergic immune responses
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Allergic disorders are caused by a combination of hereditary and environmental factors. The hygiene hypothesis
postulates that early-life microbial exposures impede the development of subsequent allergic disease. Recently
developed “wildling” mice are genetically identical to standard laboratory specific pathogen—free (SPF) mice
but are housed under seminatural conditions and have rich microbial exposures from birth. Thus, by comparing
conventional SPF mice with wildlings, we can uncouple the impact of lifelong microbial exposures from genetic
factors on the allergic immune response. We found that wildlings developed larger populations of antigen-ex-
perienced T cells than conventional SPF mice, which included interleukin-10-producing CD4 T cells specific for
commensal Lactobacilli strains and allergy-promoting T helper 2 (Ty2) cells. In models of airway exposure to
house dust mite (HDM), recombinant interleukin-33, or Alternaria alternata, wildlings developed strong allergic
inflammation, characterized by eosinophil recruitment, goblet cell metaplasia, and antigen-specific immuno-
globulin G1 (IgG1) and IgE responses. Wildlings developed robust de novo T2 cell responses to incoming al-
lergens, whereas preexisting T2 cells could also be recruited into the allergic immune response in a cytokine-
driven and TCR-independent fashion. Thus, wildling mice, which experience diverse and lifelong microbial ex-
posures, were not protected from developing pathological allergic immune responses. Instead, wildlings

mounted robust allergic responses to incoming allergens, shedding new light on the hygiene hypothesis.

INTRODUCTION

The incidence of allergies has risen at an alarming rate over the past
century. In some developed countries, approximately 30% of chil-
dren are affected by rhinitis, atopic dermatitis, or asthma by the age
of 5 years (I). Genetic factors play an important role in susceptibility
to allergic disease because children born to allergic parents are
several times more likely to suffer from allergy, whereas concor-
dance between monozygotic twins is approximately 50% (2).
Genome-wide association studies have pinpointed several loci in-
volved in the development of allergy (2), including human
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leukocyte antigen D alleles, which encode for major histocompati-
bility class II (MHC-II) molecules that are important for the activa-
tion of CD4 T cells.

However, the notable rise in allergic disorders during the 20th
century cannot solely be explained by genetic factors. Altered expo-
sure to microbes, owing to improved sanitation, vaccination, wide-
spread use of antibiotics, and a changing diet, are repeatedly
proposed as the major factors driving the rapid rise in allergic
disease incidence (3). Studies have linked a lower incidence of aller-
gic disease to high microbial diversity in the intestine and greater
microbial exposures in rural settings, for instance, from animal
barns or by drinking raw milk (4-9). However, microbial exposures
are not always linked to reduced allergic disease, and it is evident
that some pulmonary infections may potentiate the development
of asthma in children (10-14).

Laboratory mice are advantageous to study allergy because their
genetics and environment can be closely controlled. In studies that
analyzed the influence of microbes on allergic disease, germ-free
(GF) mice were found to have higher levels of circulating immuno-
globulin E (IgE) antibodies, developed more severe anaphylactic re-
sponses to ingested antigens, and had more vigorous inflammatory
responses to inhaled antigens, in comparison with standard labora-
tory specific pathogen—free (SPF) mice (15-17). This implied that
the intestinal microbiota of SPF mice contained microbes that reg-
ulated the development of allergic immune responses to ingested
antigens.

However, SPF mice themselves have been increasingly sanitized
by vendors and institutional animal facilities around the world and
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have been criticized for their lack of microbial diversity (18). Several
recent studies show that mice housed under SPF conditions fail to
faithfully replicate the immune responses of free-living humans
(19-23). In studies of wild mice, pet store mice, or SPF mice
made wild by fecal material transfer or co-housing, researchers
noted that these animals mounted more effective immune respons-
es to influenza, bacteria, tumors, and parasites than conventional
laboratory SPF mice and better reflected the human situation (19,
21, 22).

Because direct comparisons between conventional laboratory
mice and wild mice are complicated by genetic disparities, Rosshart
and colleagues (21) recently described a system for the transfer of
common C57BL/6 mouse embryos into wild mouse surrogate
mothers, generating so-called wildling mice. Wildling mice were
found to acquire a fulminant gut, skin, and vaginal microbiota, a
representative breadth of naturally occurring pathogens, and
many of the broader immune features of wild mice. Thus, compar-
ing the development of allergic inflammation in wildlings versus
conventional SPF mice provides an opportunity to test whether
the rich microbial composition of wildlings exerts a regulatory
effect on allergic immune responses. In this study, we expose
C57BL/6 SPF mice and C57BL/6 wildlings to allergens and alarmins
and characterize the influence of early life and continuous microbial
exposures on allergic immune responses.

RESULTS

The housing conditions of wildling mice ensure lifelong
exposures to diverse microbial communities

It is known that wildlings are stably colonized with a natural wild
mouse microbiota at all immunological barrier sites for at least five
generations and maintain stable phenotypes under conventional
SPF housing conditions (21). However, humans are subject to
early life and continuous microbial exposure, both of which play
arole in allergic diseases. To better acknowledge these real-life con-
ditions and to more closely mimic human microbial exposures that
may affect allergic outcomes, we have tailored the wildling model to
specifically match the needs of this study. To accomplish this, we
created seminatural housing conditions through cage supplementa-
tion with natural materials such as hay, compost, and fomites from
actual wild mice (Fig. 1A). In addition, litters from different breed-
ing pairs were fraternized in large cages to increase their microbial
exposures in adolescence. The specific hygiene standards of wild-
lings and the conventional SPF mice used for this study can be
found in table S1. 16S ribosomal RNA (rRNA) sequencing of
feces confirmed large differences in the microbiota composition
of adult SPF mice and wildlings (Fig. 1B). Moreover, analysis of
cecal contents and fecal matter found substantial amounts of
fungi in the gastrointestinal tracts of wildlings but virtually no
fungi in conventional laboratory SPF mice (fig. S1). Further analysis
of the fungal community structure showed considerable variability
in fungal composition between wildlings with some mice primarily
colonized by fungi of the Saccharomycetaceae family and others
showing a more diverse pattern of colonization (fig. S1).

Antigen-experienced T cells are expanded in wildling mice
after weaning

We characterized the immune cell composition of conventional SPF
mice and wildlings at days 5, 14, 28, and 98 after birth. Thymic
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cellularity was comparable between SPF mice and wildlings at
most time points except at day 28, where wildling mice had signifi-
cantly fewer thymocytes (Fig. 1, C and D). At all time points, the
frequency of CD4"CD8" [double-positive (DP)], CD4 single-posi-
tive (SP) (CD4"CD87), CD8 SP (CD8'CD4 "), and CD4 CD8~
[double-negative (DN)] thymocytes was comparable between SPF
mice and wildlings (Fig. 1, C and D). Progenitor subsets within
DN thymocytes were also comparable across all time points (fig.
S2, A and B).

Wildlings and SPF mice had comparable numbers of mature T
cells in the spleen at days 5, 14, and 28 postnatal, but the T cell com-
partment in wildlings expanded significantly more thereafter
(Fig. 1, E and F). Antigen-experienced CD44" effector CD4
(Foxp3™) and CD8 T cells were comparable in frequency and
number until day 28. At day 98, a notable increase in CD44" CD4
and CD8 T cells was observed in wildlings compared with SPF mice
(Fig. 1F). The expansion in antigen-experienced CD8 T cells was
associated with increases into both “true memory” CD8 (CD8
Try) and “virtual memory” CD8 T (CD8 Tyy) (24) cell subsets
in the spleen (Fig. 1F and fig. S2C). Deviations in frequencies of
naive CD8 T, CD8 Ty, and CD8 Ty cell subsets were already
evident at day 14 in wildlings (fig. S2C), even if absolute cell
numbers were not altered at this time. Analysis of CD44 and
CD62L expression revealed expanded populations of both central
and effector memory CD8 T cells in adult wildling spleen (fig.
$2D). Splenic Foxp3™ suppressive regulatory T (Teg) cells were nu-
merically reduced in wildlings at day 28 but present at higher
numbers in wildlings at day 98 (Fig. 1F). In line with heightened
levels of antigen-experienced T cells, circulating IgG1, 1gG2c, IgA,
and IgE were all markedly higher in adult wildlings compared with
SPF mice (fig. S2E), and a small increase in IgM was also observed.

Wildlings produce IL-10 in an MHC-II-dependent manner in
response to various commensals and pathogens
Next-generation sequencing of the gut microbiome has suggested
that humans are colonized by putative “good” or “"bad” bacteria
that may regulate or exacerbate inflammatory processes in the gut
and at distal sites (25). For instance, strains of Lactobacilli have been
repeatedly linked to inducing suppressive immune responses that
could reduce allergy in the first years of life (26). To analyze the
wildling response to certain commensals and putative pathogens,
we cultured splenocytes with a panel of heat-killed microbes in
the presence or absence of MHC-II-blocking antibody and ana-
lyzed the culture supernatants for interferon-y (IFN-y), interleu-
kin-4 (IL-4), IL-5, IL-13, IL-17, and IL-10. SPF mice and
wildlings readily produced IFN-y in response to culture with Staph-
ylococcus aureus, Salmonella typhimurium, Escherichia coli, and
Klebsiella pneumoniae that was largely abrogated when MHC-II
was blocked (Fig. 1G and table S2 for absolute quantities). S.
aureus induced some IL-13 production from wildlings preferential-
ly (Fig. 1G), whereas IL-17 was detected only sporadically in lym-
phocyte cultures. The immunoregulatory cytokine IL-10 was more
highly produced in splenocyte cultures from wildlings in response
to microbes including commensals Lactobacillus reuteri and Lacto-
bacillus johnsonii and the putative pathogen S. aureus (Fig. 1G and
table S2). IL-10 production was also largely impaired by MHC-II
blockade, suggesting that CD4 T cells were the main source of
this cytokine. Thus, wildling mice are marked by an expansion of
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Fig. 1. Wildlings contain large populations of antigen-experienced T cells that produce IL-10 in response to commensals. (A) Clean housing conditions of SPF and
seminatural conditions of wildling mice. (B) The gastrointestinal bacterial microbiome of B6 wildlings and conventional laboratory SPF mice was profiled by 16S rRNA
sequencing. Left: Unweighted UniFrac PCoA. Right: Relative abundance at the rank of phylum and family. Data shown are from 14 or 15 independent biological replicates
per group, and significance was determined by permutational multivariate ANOVA. (C) Representative flow plots of CD4 versus CD8 expression in thymi of SPF and
wildling mice. Numbers indicate frequency of cells in the indicated gate. (D) Graphs depict total CD45" cells and numbers of CD4*CD8" (DP), CD4*CD8™~ (CD4 SP),
CD4~CD8" (CD8 SP), and CD4~CD8™ (DN) cells in the thymi of SPF and wildling mice at days 5, 14, 28, and 98 after birth. (E) Representative flow plots of CD8 versus
CD4 expression on gated CD3* cells (left), the expression of CD44 versus Foxp3 within gated CD37CD4™ T cells (middle), and the expression of CD44 and CD49d within
gated CD3*CD8" T cells (right) in the spleens of SPF and wildling mice. (F) Graphs depict quantities of total and naive CD4* and CD8" T cells, effector CD4" T, Foxp3™ Tyeq,
CD8 Tym, and CD8 Ty, cells in the spleens of SPF and wildling mice, as indicated by gates in (E). (G) Spider plots of IFN-y, IL-10, IL-4, IL-5, IL-13, and IL-17 secretion in
splenocyte cultures of SPF (blue) and wildling mice (green) restimulated with heat-killed microbes in the presence or absence of MHC-II-blocking antibody. In (C) to (F),
each dot represents one mouse. n = 8, and results are from one time-course experiment, and one-way ANOVA and Bonferonni’s test were used to compare SPF mice and
wildlings. In (G), n = 5, and one representative experiment of two is shown. Student’s t test was used for comparisons. Means and SEM are depicted, *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.
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the effector T cell pool especially after 4 weeks of age, and wildling
mice have a strong regulatory cytokine response to commensals.

Cytokine-producing effector CD4 T cells are prominent in
the lungs of wildling mice

Asthma is an allergic disease of the lung parenchyma and airways
and is typified by the presence of T2 cells, which secrete IL-4, IL-5,
and IL-13 (27). To analyze the T helper cell composition of adult
SPF and wildling mice, we restimulated lung and lung-draining me-
diastinal lymph node (medLN) cells with phorbol 12-myristate 13-
acetate (PMA) and ionomycin for 3 hours in vitro. Thereafter, cy-
tokine production was assessed in gated populations by flow cytom-
etry. Tyl (IFN-y"), T2 (IL-13"), and Ty17 (IL-177) cells were
observed in greater abundance in the lungs and medLNs of wild-
lings compared with SPF mice (Fig. 2A and fig. S3A). In addition,
wildlings had much higher quantities of IL-10-producing classical
Foxp3" T, cells and IL-10" Foxp3™ effector CD4 T cells, some-
times referred to as type 1 regulatory cells (Fig. 2B and fig. S3A).
Thus, wildlings have inflated populations of not only putative in-
flammatory but also anti-inflammatory CD4 T cells at resting.

T2 cells accumulate in the wildling mouse lung over time
To analyze more precisely when T2 cells emerged in the wildling
mouse lung, we analyzed GATA3 expression alongside ST2 (a

A Lung - PMA and ionomycin
Gated on effector CD4*T cells

subunit of the IL-33R) in effector CD4 T cells from postnatal day
5 to day 98 (Fig. 2C). T2 cells (GATA3 "Foxp3~ effector CD4 T)
were already present at a significantly higher frequency in wildling
lung 14 days postnatal (Fig. 2C). Numerically, T2 cells were
present in larger quantities at 28 days postnatal and continued to
expand markedly to levels approximately fivefold higher than that
observed in SPF mice at day 98 (Fig. 2C). A large proportion of
GATA3" T2 cells in wildlings also expressed ST2 and the tissue
residency marker CD69 (Fig. 2C and fig. S3B). In comparison,
the frequency and number of GATA3 " Foxp3™ T, cells, which
have been shown to play roles in regulating tissue immunity (28,
29), were not different in wildlings and SPF mice at any time
point (Fig. 2C).

Type 2 innate lymphoid cells (ILC2) have the ability to produce
IL-5 and IL-13 (30) and outnumber T2 cells by 9:1 in most non-
lymphoid tissues, including lung, adipose tissue, and skin (31).
Moreover, it has been noted that ILC2 infiltrate the mouse lung
10 to 14 days postnatal and stabilize after weaning (32). ILC2
indeed appeared to increase in the lungs of SPF mice between
days 5 and 14, but this accumulation was significantly less promi-
nent in wildlings (Fig. 2D). By day 28, numbers of lung ILC2 were
comparable between groups; however, the frequency of ILC2 was
lower in wildlings at day 98 (Fig. 2D). In the bone marrow, hema-
topoietic progenitors were largely comparable across time points
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Fig. 2. A population of GATA3*ST2" T};2 cells is prominent in the wildling lung. (A) Representative flow plots of IL-17 versus IFN-y and IL-13 versus IL-5 expression on
gated CD44*Foxp3~ effector CD4 T cells in the lungs of adult (9 to 10 weeks of age) SPF and wildling mice. Bar graphs depict the percentage and number of Ty;1 (IFN-y™),
Th2 (IL-5% and/or IL-13"), and T417 (IL-17%) cells. (B) Representative flow plots of Foxp3 versus IL-10 expression on gated CD4 T cells in the lungs of SPF and wildling mice
and the corresponding frequency and number of Foxp3*IL-10" and Foxp3~IL-10" cells. (C) Representative flow plots of ST2 versus GATA3 on gated effector CD4 T cells and
on gated T4 cells. Graphs show the percentage and absolute number of GATA3" T;2 and GATA3" T,eq in the lungs of unmanipulated SPF and wildling mice at days 5, 14,
28, and 98 after birth. (D) Representative flow plots of CD90.2 versus lineage markers (CD3, Gr-1,CD19, CD11¢, and NK1.1) and CD25 versus ST2 cells in the lungs of SPF
and wildling mice. Bar graphs depict the frequency and absolute number of ILC2 in the lungs of unmanipulated SPF and wildling mice. In (A) and (B), n = 5, and one
representative experiment of two is shown. Student’s t test was used to compare wildling with SPF mice. In (C) and (D), one-way ANOVA and Bonferroni’s multiple
comparisons test were used for multiple comparisons, n = 8, and results are from one time-course experiment. Means and SEM are depicted, *P < 0.05, **P < 0.01,

***p < 0.001, and ****P < 0.0001.
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with some notable exceptions (fig. S4, A and B). For instance, at day
28 after birth, there was a reduction in common lymphoid progen-
itors in wildlings, whereas in 98-day-old mice, precursor ILC2 were
increased in wildling bone marrow (as a proportion of CD45" cells)
(fig. S4B).

In all, wildling mice accumulate large populations of effector T
cells over time at sites including the spleen, medLN, and lung. Al-
though wildlings appear to harbor regulatory responses to com-
mensals, they also contain higher levels of T2 cells with putative
proallergic functions.

Wildling mice develop robust pathogenic inflammation in
response to HDM

To analyze the response of wildlings to allergens, we exposed mice
to extracts of house dust mite (HDM), a near-ubiquitous aeroaller-
gen to which asthmatics are commonly sensitive (33-35). In HDM-
allergic asthmatics, HDM induces the production of cytokines, in-
cluding IL-4, IL-5, and IL-13, from Ty2 cells and antibody produc-
tion by B cells and promotes inflammation and mucus deposition in
the airways (27). HDM (1 pg) was administered intranasally on day
0 and followed by five daily administrations of 10 ug of HDM on
days 7 to 11. On day 15, mice were sacrificed, and airways, lung
tissue, lung-draining medLN, and serum were analyzed for signs
of inflammation (Fig. 3A). HDM administration led to a large
influx of cells into the airways of wildling and SPF mice (Fig. 3B).
Lung and medLN cellularity were highest in wildlings administered
HDM compared with corresponding SPF mice (Fig. 3B). Wildlings
developed robust airway eosinophilia and had significantly higher
numbers of eosinophils in lung tissue (Fig. 3, C and D), indicative
of heightened type 2 immune responses. Elevated numbers of T and
B cells were also present in lung tissue and bronchoalveolar lavage
fluid (BALF) samples collected from wildling mice, suggesting that
wildlings developed a strong inflammatory response to HDM
(Fig. 3, C and D). HDM administration into SPF or wildling mice
induced a marked inflammation surrounding the airways with signs
of epithelial thickening, as assessed by hematoxylin and eosin
(H&E) staining (Fig. 3, E and F). In addition, goblet cells were
also more prominent in HDM-administered wildlings compared
with SPF mice when sections were analyzed by periodic acid—Schiff
stain (PAS; Fig. 3, G and H). HDM induced strong antigen-specific
serum IgG1 in both SPF mice and wildlings but negligible antigen-
specific serum IgE responses in this 2-week model of allergen chal-
lenge (Fig. 31). Hence, the rich microbial exposures of wildling mice
do not dampen and may instead promote some aspects of allergic
inflammation.

Th2 cell responses to HDM are heightened in wildlings
compared with SPF mice

T cells are activated through highly diverse T cell antigen receptors
(TCRs) expressed on their cell surface. Innate-like T cells including
natural killer T (NKT), mucosal-associated invariant T (MAIT),
and y§ T cells have restricted TCR gene usage and have been pro-
posed to be affected by microbial exposures. We found reduced
NKT cells and slightly higher MAIT cell numbers in lungs of wild-
lings administered with phosphate-buffered saline (PBS) compared
with SPF mice (fig. S5, A to C). After HDM instillation, NKT,
MAIT, and y§ T cells were similarly reduced in the lungs of SPF
mice and wildlings (fig. S5, A to C).

Ma et al., Sci. Immunol. 8, eadf7702 (2023) 29 September 2023

HDM is known to induce the differentiation of CD4 T cells into
Ty2 cells, which express ST2 and secrete IL-5 and IL-13 in the lung
(36). We analyzed the Ty2 cell response in wildlings in several ways.
First, single-cell suspensions from BALF, lung, and medLN were as-
sessed for cytokine production after mitogenic stimulation with
PMA and ionomycin. Wildlings consistently had more vigorous
Ty2 cell responses than SPF mice across the BALF, lung tissue,
and medLN (Fig. 4B and fig. S6, A to C), with approximately 40%
of gated effector (CD44"Foxp3™) CD4 T cells in the BALF produc-
ing IL-13 and/or IL-5 (Fig. 4A and fig. S6A). Ty1 (IFN-y" effector
CD4) and Ty17 (IL-17" effector CD4) cells were also increased in
absolute numbers in BALF, lung tissues, and medLNs of wildling
mice (Fig. 4B and fig. S6, A to C). No obvious difference in the
number of germinal center B cells was observed between SPF
mice and wildlings after HDM exposure (fig. S6F).

In cultures of lung cells with HDM extracts, the overall number
of T2 cells detected in wildlings exposed to HDM was increased
compared with HDM-exposed SPF mice (Fig. 4C and fig. S6D).
HDM-exposed wildlings also had higher numbers of Ty17 and
Tyl cells in lung cultures with HDM, although their frequency
was not significantly increased compared with PBS-exposed mice
(Fig. 4C and fig. S6D).

To analyze the response to HDM at the epitope-specific level, the
levels of Der p 1(217-227)—Testricted lung CD4 T cells were assessed
by tetramer staining. In mice exposed to HDM, Der p 1:1-A tetra-
mer-reactive cells were expanded and comparable in number
between SPF and wildling mice (Fig. 4, D and E). However, Der p
1:1-A® tetramer-reactive cells in wildlings were composed of a
higher frequency of T2 cells (ST2") and a reduced frequency of
Treg (Foxp3™) compared with their SPF counterparts (Fig. 4, D
and E).

Wildling mice have robust T,4 cell responses after HDM
exposure

Tieq cells are pivotal to regulating inflammatory responses, and in
recent years, ST2" T, cells have been proposed to play important
roles in regulating inflammation in adipose tissue, the colon,
muscles, and in lung allergic responses (37-40). We analyzed
Foxp3 alongside ST2 expression within the CD4 T cell pool after
HDM exposure. Proportionally, ST2" conventional CD4 T cells
were increased, whereas ST2" Foxp3™ T,., were lower in wildlings,
in line with the strong T2 cell response observed (Fig. 4F and fig.
S6E). Nonetheless, HDM still induced expansion of the T, cell
pool, including those bearing ST2, in the airways and lung tissues
of wildlings (Fig. 4F and fig. S6E).

Overall, de novo responses to HDM, as measured by Der p 1:1-A"
tetramer, appeared to be similar between wildlings and SPF mice.
However, the overall T2 cell response, which may include endog-
enous "bystander” Ty2 cells, was noticeably larger in wildlings than
in SPF mice.

Prolonged HDM exposure induces comparable

pathological responses in SPF mice and wildlings

Because allergen exposure in the human population is often persis-
tent, we tested the response of SPF mice and wildlings in a pro-
longed model of allergen exposure. HDM was administered over a
period of 6 weeks (sensitization on day 0 and HDM three times
weekly from day 7), and the inflammatory response was measured
4 days after the final allergen administration (Fig. 5A). SPF mice and
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Fig. 3. Wildling mice develop robust allergic inflammation after administration of HDM. (A) Regimen of HDM instillation into the airways and analysis at day 15. (B)
Graphs depict total cells in the BALF, lungs, and medLNs of SPF and wildling mice. (C and D) Bar graphs depict the total number of eosinophils (Siglec-F*CD11¢"), alveolar
macrophages (Siglec-F*CD11c"), B cells (Siglec-F"CD11¢"B220"), T cells (Siglec-F"CD11¢~CD3%), and neutrophils (Siglec-F"CD11¢~Gr-1%) in the BALF and lungs of SPF
and wildling mice, as measured by flow cytometry. (E) Representative H&E and (G) PAS-stained lung tissue from SPF and wildling mice administered PBS/HDM. Scale bars,
100 pm. (F) Statistical analysis of epithelial thickness, airway inflammation, and total airway (epithelial thickness + airway inflammation) scores as quantified by H&E. (H)
Statistical analysis of mucus content as quantified by PAS scores. All slides were scored in a blinded fashion. (I) Serum IgG1 and IgE specific to HDM was quantified by
ELISA. One-way ANOVA and Bonferroni's multiple comparisons test were used. In (A) to (D), mice administered PBS n = 4 and mice administered HDM n = 13 were pooled
from two experiments. In (E) to (H), PBS n =4 and HDM n = 6 and 7 from one experiment. In (I), PBS n = 8 pooled from two experiments and HDM n = 18 and 19 pooled
from three experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 4. T2 cell responses are augmented in wildlings after HDM administration. (A) Representative flow plots of IL-13 versus IL-5 (left) and IL-17 versus IFN-y (right) in
gated effector CD4™ T cells (CD4"CD44*Foxp3™) after stimulation with PMA and ionomycin in the BALF of SPF and wildling mice. (B) Enumeration of Ty1 (IFN-y™), T;2 (IL-
13*and/or IL-5%), and Ty17 (IL-17%) cells after stimulation with PMA and ionomycin in the BALF of SPF and wildling mice. (C) Enumeration of Ty1, T2, and T417 cells after
overnight (o/n) stimulation with HDM extracts in the lungs of SPF and wildling mice. (D) Gating strategy to identify Der p 1:1-AP tetramer—reactive effector CD4 T cells in
the lungs of SPF and wildling mice administered PBS or HDM. Foxp3 distinguishes cells that are T,eg, ST2 distinguishes T2 cells, and CXCR3 pinpoints Ty1 cells, as
depicted. (E) Enumeration of total Der p 1:1-AP tetramer® effector CD4 T cells and subsets therein in lung parenchyma. Because of low numbers in PBS mice, subset
data were omitted from these groups. (F) Representative flow plots of Foxp3 versus ST2 expression on gated total CD4 T cells. Bar graphs show the percentage and
number of total Foxp3* Tyeq, ST2* Foxp3™ T,eq, and ST2* Foxp3™~ conventional CD4 T cells. Student's t test was used to compare subset frequencies. One-way ANOVA and
Bonferroni's multiple comparisons test were used for multiple comparisons. In analyzing Treqg, Tn1, and T2 subset proportions in (E), Student's t test was used. PBS n = 4
and HDM n = 13 pooled from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 5. Wildlings continue to generate robust T,;2 cell responses and associated allergic pathology after prolonged exposure to HDM. (A) Regimen of HDM/PBS
instillation into the airways and analysis at day 46. (B) Bar graphs depict the total number of eosinophils, alveolar macrophages, B cells, T cells, and neutrophils in the BALF
and lungs of SPF and wildling mice. (C and D) Representative PAS-stained lung tissue from an SPF and wildling mouse. Scale bars, 50 uM. Statistical analysis of mucus
content was quantified by PAS scores and epithelial thickness, and airway inflammation and total airway scores were quantified by H&E. All slides were scored in a blinded
fashion. i.n., intranasal. (E and F) Serum and airway HDM-specific IgG1, IgG2c, and IgE was quantified by ELISA. Airway HDM-specific IgE was undetectable. (G) Principal
components analysis plot of 35-plex cytokine/chemokine panel on the BALF of SPF and wildling mice. (H) Enumeration of Ty1, T2, and Ty17 cells after PMA and ion-
omycin stimulation of BALF. (I) Enumeration of Tyy1, T2, and Ty17 cells after stimulation overnight with HDM in the lungs of SPF and wildling mice. One-way ANOVA and
Bonferroni’s multiple comparisons test were used. In (B) to (1), mice administered PBS n = 5, and mice administered HDM, SPF n = 9 and wildling n = 10. *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001.

wildlings continued to show robust airway inflammation over this  similar extent in SPF mice and wildlings (Fig. 5, C and D), suggest-
longer period of exposure, but some differences in airway cell com-  ing that the wildling microenvironment had little impact on allergic
position were noted. For instance, wildlings had approximately half  pathology.

the number of airway eosinophils as compared with SPF mice,

whereas a significant reduction in airway B cells was also noted in

wildlings (Fig. 5B). Despite these differences, goblet cell metaplasia,

epithelial thickening, and airway inflammation were all evident to a
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Subtle differences in the quality of the B and T cell response
in wildlings with prolonged exposure to HDM

We analyzed the B cell response more closely after prolonged HDM
exposure. The germinal center B cell response in medLN was com-
parable in SPF mice and wildlings (fig. S7D), indicating that the
glandular B cell response was ongoing. However, circulating and
airway HDM-specific IgG1 levels were significantly lower in wild-
lings (Fig. 5, E and F), in line with the reduction of B cells in the
airways of these mice. No obvious skewing in HDM-specific anti-
bodies toward or away from the IgG2c or IgE subclasses was ob-
served (Fig. 5, E and F).

Analysis of the BALF with a 35-plex cytokine/chemokine panel
showed substantial deviation of HDM-exposed wildling and SPF
mice from those administered PBS (Fig. 5G and table S3).
However, very few differences were observed between SPF mice
and wildlings that had been administered HDM, with only MIP-2
(39.1 £ 7 versus 19.1 £ 2.8 pg/ml) and IL-10 (13.5 + 2.3 versus 7.1 £
0.9) being detected at significantly higher levels in BALF of wildling
mice (table S3). Similar to the 2-week HDM exposure model, effec-
tor T2 cells were the most prominent cell population in BALF after
prolonged HDM exposure (Fig. 5H and fig. S7A). After restimula-
tion of lung cells overnight with HDM, wildlings still had the largest
Ty2 cell response, whereas Tyl and Tyl7 cell responses were
almost completely absent (Fig. 5I and fig. S7B). The T, cell re-
sponse was reduced in wildling BALF compared with SPF mice
(fig. S7C), whereas the lung tissue T\ cell response was not expand-
ed to the same extent as it was in the 2-week HDM model. Overall,
wildlings maintained robust Ty2 cell responses after prolonged
HDM exposure.

rIL-33 induces robust activation of endogenous T2 cells in
wildlings

T2 cells generated in response to nematode infection have been
shown to respond to nonspecific stimuli independently of their
TCR (41-43). Given that wildlings had a substantially larger T2
cell pool at baseline and after HDM exposure, we analyzed the
ability of these cells to respond to acute alarmin [recombinant IL-
33 (rIL-33)] or allergen [Alternaria alternata (Alt alt) extract] expo-
sure. The lung inflammatory response to rIL-33 was analyzed on
day 2 (mice received rIL-33 only on days 0 and 1) and day 4
(mice received rIL-33 on days 0, 1, and 2) (Fig. 6A). SPF and wild-
ling mice experienced a comparable infiltration of eosinophils into
the lung and airways at days 2 and 4 after airway challenge with rIL-
33 (Fig. 6B). The presence of goblet cells in airways was similar in
SPF mice and wildlings after rIL-33 challenge (Fig. 6C). Analysis of
airway inflammation with a 35-plex cytokine/chemokine panel
showed a robust response in both wildlings and SPF mice adminis-
tered rIL-33 at day 4 (Fig. 6D and table S4), hallmarked by high
levels of IL-5 and IL-13. Although levels of airway IL-5 and IL-13
were similarly increased in SPF mice and wildlings, the quality of
the cellular infiltration was different. T2 cells, identified as ST2*
Foxp3™ CD4 T cells or by the expression of IL-13, were significantly
higher in wildlings (Fig. 6E and fig. S8A). ILC2 and ST2"* Treg cells
were significantly more prominent in the response of SPF mice to
rIL-33 (Fig. 6E and fig. S8A), although both populations still ex-
panded in wildlings. Similarly, extracts of Alt alt, a fungus with al-
lergenic and proteolytic activity that drives vigorous ILC2 responses
in SPF mice (44), induced early (day 2) T2 cell responses and a

Ma et al., Sci. Immunol. 8, eadf7702 (2023) 29 September 2023

mild but significant goblet cell metaplasia specifically in wildlings
(fig. S8, B to E).

To test whether Ty2 cells in wildlings could respond to rIL-33
independently of activation through the TCR, mice were adminis-
tered an MHC-II-blocking monoclonal antibody (M5/114) on days
—1and 1. This had no effect on the levels of eosinophils or Ty2 cells
in the airways or lung tissue of wildling mice (Fig. 6F), despite the
ability of MHC-II blockade to block naive OT-II cell activation in a
similar system (fig. S9). Thus, the pathological response to rIL-33
administration is comparable in wildlings and SPF mice, but wild-
lings are marked by robust Ty2 cell responses, which are typically
absent in conventional laboratory mice.

Antiparasitic treatment of wildlings does not dampen
pathological responses to allergens

Because wildlings are colonized by a broad array of pathogens in-
cluding pinworms and some ectoparasites, we analyzed the
impact of antiparasitics (ivermectin and albendazol) on the inflam-
matory response to HDM and rIL-33 in a cohort of mice (fig. S10A).
In response to HDM, antiparasitics appeared to have no effect on
airway inflammation in wildlings, and the quality of the lung Ty
cell response remained unchanged (fig. S10B). Similarly, in mice
challenged with rIL-33, the airway cellular response was robust in
SPF and wildling mouse lung, regardless of antiparasitic treatment.
Some reduction was observed in the lung effector T cell response of
wildlings treated with ivermectin and albendazol, particularly of
T2 cells, yet this did not prevent a robust goblet cell response in
these mice (fig. S10C).

In all, despite markedly different living conditions, high micro-
bial exposures, and regulatory responses to commensals, wildlings
develop vigorous allergic responses to common physiological aller-
gens. In addition to the normal development of de novo Ty2 cell
and antibody responses, an endogenous pool of lung T2 cells in
wildlings responds rapidly and vigorously in short-term models
of allergen or alarmin instillation, in a manner that appears inde-
pendent of MHC-TCR interactions.

DISCUSSION

Allergies are known to be hereditary (2), but genetics alone cannot
explain the surge in allergic diseases over the past century. Studies in
laboratory mice have compared the allergic immune response of GF
mice with those of SPF mice, noting that in the complete absence of
microbes, T2 cytokines and IgE levels are increased, while anaphy-
lactic responses to ingested antigens and airway inflammation to
inhaled antigens are heightened (15-17). One may have expected
that exposing SPF mice to a greater breadth of microbes would
have the opposite effect. Yet wildlings developed robust signs of
pathological inflammation with no obvious deviation away from
Ty2 cell responses, and the balance of antibody subclasses was
not obviously altered, despite a reduction in B cell response in wild-
lings over time.

What then were the features of the allergic immune response in
wildlings that stood apart from SPF mice? Mostly, it was the rapid
expansion of the lung T2 cell compartment in wildlings challenged
with HDM over 2 weeks and in short challenges with rIL-33 or Alt
alt. Recent studies have shown that tissue-resident T2 cells can
respond to secondary challenges in a TCR-independent manner,
but this mode of activation is not commonly emphasized,
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Fig. 6. An endogenous pool of T,;2 cells in wildlings responds to alarmin instillation. (A) Regimen of rIL-33 (200 ng daily for three consecutive days) or PBS instillation
into mouse airways and subsequent analysis. (B) Graphs of eosinophil (Siglec-F*CD11¢™) and neutrophils (Siglec-F"CD11¢”Gr-1%) in the airways and lung parenchyma of
SPF and wildling mice. (C) Representative PAS-stained lung tissue from an SPF and wildling mouse from day 4 after initial challenge with rIL-33 and statistical analysis of
mucus content as quantified by PAS scores. Scale bars, 50 um. Slides were scored in a blinded fashion. (D) Principal components analysis plot of 35-plex cytokine/che-
mokine panel and the level of individual cytokines IL-5 and IL-13 in the BALF of SPF and wildling mice. (E) Representative plots of Foxp3 versus ST2 on gated CD4 T cells.
Graphs show percentage and number of ILC2, ST2"Foxp3~ conventional CD4 T cells, total Foxp3* Treq, ST2" Foxp3™ Treg, and T2 (IL-13" effector CD4 T) cells in the lung
after administration of rlL-33 or PBS. (F) Wildling mice were administered rIL-33 as shown in (A) but on days —1 and 1 were injected with 500 ug of anti-MHC-II or control
lg. Graphs of eosinophils and T2 cell numbers in the BALF and lungs of wildling mice at day 4. In (B) and (E), n = 6 mice per group per time point pooled from two
independent experiments. In (C), n = 3 mice per group per time point. In (F), n = 5 mice per group from one experiment. One-way ANOVA and Bonferroni's multiple

comparisons test were used for multiple comparisons in (D). Student's t test was used for comparisons in (B), (C), (E), and (F), *P < 0.05 and **P < 0.01.

potentially because of the lack of effector cells found in sanitized
mice. Some studies showed that TCR-independent activation of
Ty2 cells provided protective immunity to secondary infections
(41, 43), while another proposed that they could drive pathogenic
allergic responses (42). It remains unclear whether this mode of ac-
tivity is responsible for sustaining inflammatory pathologies in
human diseases such as asthma, atopic dermatitis, inflammatory
bowel disease, or psoriasis, but wildlings, with their inflated pools
of effector/memory T cells, provide a platform to test this
possibility.

One possible implication of having an endogenous T2 cell pop-
ulation was that this would create competition for IL-33 availability
and compromise ILC2, ST2* T\eg> Or de novo generation of T2
cells. However, we found little evidence that endogenous Ty2
cells severely affected on the responsiveness of these populations,
in line with the notion that tissue lymphocyte niches can expand
to accommodate new responders (45, 46).

In a recent study in which SPF mice were co-housed with pet
store mice, ILC2-mediated allergic inflammation was found to be
blunted soon after co-housing (47). However, the authors did
note that at some point between 2 weeks and 2 months of co-
housing, the protective effect was lost, and this correlated with a di-
minished type I IFN response. This implies that an active infection
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can subdue allergic responses. It also highlights a key difference
between the co-housing and wildling approach, namely, that al-
though wildlings are colonized by a greater magnitude and
breadth of microbes, they are not “suddenly” infected as adults in
the same manner as co-housed mice. In our analysis of BALF, no
significant differences in the levels of IFNa or IFNp were found
between SPF mice and wildlings, which could indicate that the
mice were healthy or that the type I IFN response is regulated differ-
ently in wildlings. It also brings to light a broader question: If mi-
crobial factors do regulate allergic disease in humans, is it by
constant infection and reinfection in perpetuity or by altering our
capacity to respond to allergens for extended periods of time?
One reason we used wildlings was because they are exposed to
microbes and microbe-induced metabolites from birth. Early-life
exposures have, in particular, been associated with regulating aller-
gic immune responses in humans (9, 48, 49). Several studies have
suggested that early gut colonization by Lactobacilli spp may sup-
press allergic sensitisation (26, 50, 51), through mechanisms includ-
ing the production of short chain fatty acids (52, 53) and the
induction of IL-10 and T, cell responses (54, 55). Thus, we
assumed that wildlings, having had these early exposures and dis-
playing regulatory responses to several commensals, may be capable
of regulating immune responses to allergens for an extended
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window of time. This was not the case and serves to question
whether microbial exposures can exert long-lasting suppressive
effects over allergic sensitisation and inflammation.

Our study does not rule out that microbes regulate allergic in-
flammation, because there is incontrovertible evidence that they
can exert such effects. Some intestinal nematode infections and
gut and lung commensals have been shown to dampen allergic in-
flammation (56—58). Thus, perhaps, microbes with important anti-
inflammatory functions were absent from our wildling colony.

Rather than deciphering specific mechanistic contributions of
single organisms, our study aimed to assess the impact of diverse
and lifelong microbial exposures on the development of allergic in-
flammation. In a recent iteration of the hygiene hypothesis, it has
been claimed that diverse microbial exposures are likely to make
us more tolerant to incoming allergens, the so-called biodiversity
hypothesis (59). Strong support for this hypothesis comes from ep-
idemiological and intervention studies in Finland (59). Biodiversity
is a complex concept that acknowledges microorganisms of all king-
doms—not just bacteria—that communicate with their respective
host(s) and with each other in a multifactorial and nonlinear
fashion (60-62). Nonbacterial constituents of the microbiome, in-
cluding protists (63), parasites (64), fungi (65), and viruses (66),
have important impacts on host physiology, as recently reviewed
(67). Both humans and wildlings have a diverse virome and myco-
biome, are also colonized with protists (21), and even “modern
humans” living under supposedly hygienic conditions are, like wild-
lings, in frequent contact with parasites such as the pinworm Enter-
obius vermicularis (68, 69). Thus, wildlings have a considerably
more diverse microbial pool than SPF mice. Why the biodiversity
of wildlings was unable to protect against allergic inflammation is
unclear, but we did attempt to address the impact of parasites on the
allergic response, because pinworms were shown to aggravate aller-
gic responses to ovalbumin and autoantigens (70, 71). Antipara-
sitics did not greatly alter the pathogenic immune response in
wildlings, even if the T2 cell response to rIL-33 was somewhat
subdued. It may be that elimination of fungi, which are generally
thought to aggravate allergic immune responses (72), would affect
the quality of allergic responses, but relative contributions of differ-
ent microbial inputs and the role of biodiversity per se will need to
be clarified in subsequent studies.

Some caveats of our study are worth noting. First, we only exam-
ined allergic immune responses after aeroallergen challenge. Other
routes of antigen exposure including through the skin or gut may
have revealed protective phenotypes of wildlings that were not
evident in our assays. Altering the timing of allergen exposure, for
instance, by instilling allergens in the first week(s) of life or sensi-
tizing females before/during pregnancy may have uncovered
periods when wildlings were protected from allergic sensitization.
Moreover, potential benefits of the wildling microbiota may only
reveal themselves when nonmicrobial and lifestyle factors known
to influence allergy are incorporated into our models. For instance,
unhealthy diets, decreased physical activity, and environmental pol-
lutants, which are all thought to play a role in the rise in allergy in-
cidence over the past century (73—76), may play greater or lesser
roles in microbe-rich versus microbe-poor environments.

Thus, in this study, we demonstrate that despite high microbial
exposures from birth, wildling mice mount robust responses to
common aeroallergens, in contrast to what might have been predict-
ed from preclinical mouse studies and observations in the human
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population. Future work is required to decipher if/when/how life-
long exposures, such as those present in wildling colonies, can reg-
ulate pathogenic allergic immune responses.

MATERIALS AND METHODS

Study design

The aim of this study was to analyze the impact that lifelong micro-
bial exposures may have on the ability of mice to generate immune
responses to common environmental allergens. To this end, we
compared allergic inflammatory responses in C57BL/6NTac SPF
mice house under standard conditions with those of C57BL/
6NTac wildling mice housed under seminatural conditions. The
microbial composition of SPF mice and wildlings was evaluated
by next-generation sequencing, and the development of the lym-
phoid immune compartment over time was analyzed by flow cy-
tometry. Short- and long-term regimens of intranasal instillation
with HDM, Alt alt extracts, or the alarmin rIL-33 were tested. Path-
ological signs of allergic inflammation were evaluated by H&E and
PAS staining of lung sections and scored in a blinded fashion. Im-
munological parameters of allergic inflammation were evaluated by
flow cytometry of lung and lymphoid tissue and by enzyme-linked
immunosorbent assay (ELISA) for cytokines and antibodies. Group
sizes in experiments were based on the knowledge of variability in
allergen models and in assays from our previous studies. All exper-
iments were conducted in accordance with the Stockholms Norra
djurforsoksetiska namnd.

Mice

C57BL/6NTac murine pathogen—free (MPF) mice were used in all
experiments and adhered to our characterization of SPF. C57BL/
6NTac wildling mice were created through inverse GF rederivation
as described by Rosshart and colleagues (21). The wildling mouse
colony was housed and animals were bred at the Medical Center—-
University of Freiburg, Germany. Ontogeny experiments presented
in Figs. 1 and 2 were conducted at Medical Center—University of
Freiburg, Germany. For experiments in allergen models, C57BL/
6NTac wildlings and C57BL/6NTac MPF (SPF) mice were trans-
ported at the same time to the Comparative Medicine animal facil-
ities at Karolinska Institutet and allowed to rest for at least 1 week
before the commencement an experiment. Wildling and C57BL/
6NTac MPF mice were around 8 to 12 weeks old at the start of
allergy experiments and were always age-matched within experi-
ments. Female mice were used in all experiments described
herein. Experiments were approved by the Stockholm Regional
Ethics Committee (8971/2017 + B6905/2020 and 3649-2019).

Assessment of the hygiene standards

For C57BL/6NTac mice, blood drops dried on Opti-Spot Cards
(IDEXX BioAnalytics), dry fur swabs (DRYSWAB FLOCK from
Puritan), dry oral swabs (FLOQSwabs from COPAN), and fecal
pellets were collected according to the manufacturer’s sampling
guidelines and screened for microorganisms with two independent
methods [polymerase chain reaction (PCR) and serology] using the
“Mouse 3R Comprehensive Serology Panel" and the “Mouse 3R
Quarantine Annual SOPF PCR Panel" from IDEXX BioAnalytics.
The assays were performed on pooled samples; a microorganism
was considered present if it was identified through at least one of
the two independent methodologies.
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For conventional specific pathogen-free C57BL6/NTac mice, the
hygiene standard was assessed and reported by the mouse vendor
(Taconic Biosciences). Hygiene status of the wildling facility is
checked regularly and did not alter over the course of these
experiments.

16S rRNA gene sequencing
Fecal samples were collected and stored at —20°C until processing.
DNA was isolated with the Zymo Research 96-well DNA extraction
Kit. Briefly, fecal samples were transferred into a 96-well bashing
bead lysis rack, diluted with 650 pl of lysis buffer, and homogenized
by Mini-BeadBeater-96 for 3 x 5 min. Samples were kept in ice for 5
min between bead beating steps. Subsequently, the homogenate was
centrifuged at 4000g for 20 min. Four hundred microliters of the
supernatant was transferred into a 2-ml 96-deep-well plate
(Nunc) and centrifuged again for 20 min to thoroughly remove
debris, particles, and beads. Two hundred microliters of the super-
natant was used for DNA isolation and purification. Samples were
purified using a 96-well Zymo Magkit on a TECAN Fluent Automa-
tion Workstation. 16S rRNA gene amplification of the V4 region
(F515/R806) was performed according to an established protocol
previously described (77, 78). Briefly, DNA was normalized to 25
ng/ul and used as input for PCR with unique 12-base Golary barc-
odes incorporated via specific primers (obtained from Sigma-
Aldrich). PCR was performed using Q5 polymerase (New
England Biolabs) in triplicates for each sample, using PCR condi-
tions of initial denaturation for 30 s at 98°C, followed by 25 cycles
(10 s at 98°C, 20 s at 55°C, and 20 s at 72°C). After pooling and nor-
malization to 10 nM, PCR amplicons were sequenced on an Illumi-
na MiSeq platform via 250-bp paired-end sequencing.
Microbiome data were analyzed using the Usearchl1 software
package to assemble, filter, and cluster resulting reads. Sequences
were filtered for low-quality reads and binned on the basis of
sample-specific barcodes using QIIME v1.8.0 (77). Merging was
performed using -fastq_mergepairs — with fastq_maxdiffs 30.
Quality filtering was conducted with fastq_filter (-fastq_maxee 1),
using a minimum read length of 250 bp and a minimum number of
reads per sample = 1000. Reads were clustered into operational tax-
onomic units (OTUs) by open-reference OTU picking, and repre-
sentative sequences were determined by use of the UPARSE
algorithm (79). Abundance filtering (OTUs cluster > 0.5%) and tax-
onomic classification were performed using the RDP Classifier ex-
ecuted at 80% bootstrap confidence cutoff (80). Sequences without a
matching reference dataset were assembled as de novo using
UCLUST. Phylogenetic relationships between OTUs were deter-
mined using FastTree to the PyNAST alignment (81). The resulting
OTU absolute abundance table and mapping file were used for stat-
istical analyses and data visualization in the R statistical program-
ming environment package phyloseq (82). Alpha diversity
(richness and evenness) was estimated using the observed richness
(number of different species directly observed in each sample) and
the Shannon diversity index on the observed count values. For the
following analysis, low abundant OTUs (corresponding to less than
0.5% of the abundance for all samples) were filtered out, and the
OTU table was converted into relative abundance. Beta diversity
was estimated using Bray-Curtis distances and visualized using
principal coordinates analysis (PCoA). Community composition
was examined at phylum and family level. Species belonging to
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the same family or phylum were aggregated together, and OTUs
with no taxonomic annotation were categorized as “unknown.”

Mycobiome sequencing

The internal transcribed spacer (ITS) samples were prepared follow-
ing the manufacturer’s instructions using the Quick-ITS Plus NGS
Library Prep Kit (catalog no. D6424-PS1). A total input of ~10 ng of
DNA was used per sample. The PCR program (42 cycles) was per-
formed according to the manufacturer’s instructions. For sequenc-
ing, the same volume of each sample, normalized by quantitative
PCR was pooled, cleaned up using magnetic beads, and submitted
for sequencing.

Demultiplexed reads were processed with the Usearch 9 ITS pro-
tocol (https://drive5.com/usearch/manual/ex_miseq_its.html).
Briefly, sequences were filtered for low-quality reads. Merging was
performed using -fastq_mergepairs, with fastq_maxdiffs 30. Quality
filtering was conducted with fastq_filter (-fastq_maxee 1), using a
minimum read length of 250 bp and a minimum number of reads
per sample = 1000. Reads were clustered into 97% ID OTUs by
open-reference OTU picking, and representative sequences were
determined by use of the UPARSE algorithm (http://dx.doi.org/
10.1038/nmeth.2604). Abundance filtering (OTUs cluster > 0.5
%) and taxonomic classification were performed using the Sintax
Classifier executed at 80% bootstrap confidence cutoff (https://
doi.org/10.7717/peerj.4652). Sequences without a matching refer-
ence dataset were assembled as de novo using UCLUST. Phyloge-
netic relationships between OTUs were determined using
FastTree to the PyNAST alignment (81). The resulting OTU abso-
lute abundance table and mapping file were used for statistical anal-
yses and data visualization in the R statistical programming
environment package phyloseq (82).

Models

HDM (Dermatophagoides pteronyssinus)

Mice were anesthetized with isoflurane and sensitized with 1 ug of
HDM (Stallergenes Greer) in 40 pl of PBS intranasally. Seven days
after sensitization, mice were challenged with 10 ug of HDM for five
consecutive days (2-week model) or three times per week for 5
weeks (prolonged exposure model). Mice were sacrificed, and
organs were harvested 4 days after the last challenge. BALF was col-
lected by three consecutive flushes of the airway with 1 ml of PBS. In
experiments where BAL cytokines/chemokines were analyzed, the
first flush of the airways was collected in low protein-binding Ep-
pendorf tubes and centrifuged at 300g, and the supernatant was
used to analyze the protein content. The cell pellet was added
back into suspension with the subsequent BALF flushes.

rIL-33 or Alt alt extract

rIL-33 (200 ng) or Alt alt extracts (Stallergenes Greer, 20 ug) were
administered intranasally for three consecutive days. Mouse BALF,
lung tissue, and medLN were harvested on day 2 (1 day after the
second dose of rIL-33 or Alt alt) and on day 4 (2 days after the
last dose of rIL-33 or Alt alt). To block MHC-II, 500 ug of
anti-MHC-II antibody (M5/114) or control Ig (anti-phyt IgG
AFRC MAC 51) was injected intraperitoneally on days —1 and 1.
In experiments where BAL cytokines/chemokines were quantified,
BALF was obtained as described above.

12 of 16

G202 ‘ST Yo-RIN UO O|Ned 0BS ap 8pepsieAlun e B108aue s mmmy/:sdiy Woly pepeo|umod


https://drive5.com/usearch/manual/ex_miseq_its.html
http://dx.doi.org/10.1038/nmeth.2604
http://dx.doi.org/10.1038/nmeth.2604
https://doi.org/10.7717/peerj.4652
https://doi.org/10.7717/peerj.4652

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

Organ processing

The medLN, thymus, and spleen were pushed through 100 uM
sieves in around 10 ml volume of 2% heat-inactivated fetal calf
serum (FCS; Sigma-Aldrich) in PBS [fluorescence-activated cell
sorting (FACS) buffer] to achieve single-cell suspensions. Femurs
were flushed with cold FACS buffer using 23- to 25-gauge
needles. Total spleen and bone marrow single cells were lysed of
red blood cells (RBCs) using a hypotonic buffer. Cells were resus-
pended in either FACS buffer or tissue culture medium, depending
on the requirement for restimulation. The lungs of mice in allergen
models were also processed in the same way as described above
because we have noted that enzymatic treatment can lead to
severe cell loss in highly inflamed lungs.

For analysis of lungs at baseline (as reported in Fig. 4, A and B),
lungs were cut into small pieces and incubated in RPMI with 20 mM
Hepes, 2.5 mM L-glutamine, 1x nonessential amino acids (NEAA;
Sigma-Aldrich), Liberase TL (0.5 mg/ml; Roche), and deoxyribonu-
clease I (20 ug/ml; Roche) for 45 min at 37°C and 150 rpm. The cell
suspension was passed through a 21- and 26-gauge needle and
washed with RPMI containing 10% FCS, 20 mM Hepes, 2 mM L-
glutamine, 1x NEAA, 50 uM B-mercaptoethanol, and 2 mM
EDTA. Erythrocytes were lysed with 1x RBC lysis buffer (eBio-
science) and filtered through a 70-pm cell strainer. Lungs were
not perfused in this study.

Restimulation of T cells

To detect cytokine production, cells were cultured in Iscove’s mod-
ified Dulbecco's medium (IMDM) supplemented with penicillin/
streptomycin, L-glutamine, B-mercaptoethanol (all from Invitro-
gen), 1x NEAA (Sigma-Aldrich), and 10% heat-inactivated FCS
(Sigma-Aldrich). For restimulation with PMA (50 ng/ml) and ion-
omycin (5 uM), brefeldin A (Sigma-Aldrich) was added from the
beginning of culture, and cells were harvested 3 hours later. For
HDM-specific restimulation, cell suspensions were plated in a 48-
well plate with HDM extracts (20 pg/ml). After 6 hours, brefeldin A
was added to the culture, and after an additional 9-hour culture,
cells were collected and stained with antibodies for FACS analysis.
The eBioscience Fixation Kit was used when intranuclear staining of
Foxp3 was performed.

Tetramer staining

I-A(b) HDM Der p 1 217-227 CQIYPPNVNKI (83, 84) was ordered
from the National Institutes of Health (NIH) Tetramer Core Facil-
ity. Half of the lung cells were resuspended in 250 pl of FACS buffer
with anti-CD16/CD32 and rat and mouse serum (all in 1/100 dilu-
tion), mixed well, and incubated for 10 min at room temperature
(RT). Then, the total volume was topped to 500 pl with FACS
buffer, and 5 pl of phycoerythrin (PE)-labeled tetramer was
added for 1 hour at RT. After incubation, the EasySep Mouse PE-
Positive Selection Kit II (STEMCELL Technologies, catalog
n0.17666) was used to select PE-labeled tetramer cells. Briefly,
cells were washed once with 10 ml of cold FACS buffer and resus-
pended in 250 pl of magnetic-activated cell sorting buffer (0.5% fetal
bovine serum and 2 mM EDTA in PBS) with 25 pl of PE Selection
Cocktail and incubated for 15 min at RT. Thereafter, 15 pl of
Dextran RapidSpheres was added and incubated for an additional
10 min at RT. Cells were then washed and selected with magnets
according to the manufacturer’s protocol.
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For CD1d-PBS-57 and MR1-5-OP-RU tetramer (from the NIH
Tetramer Core Facility) staining, whole lung cells were incubated
with tetramers in the presence of Fc block and rat and mouse
serum for 30 min. Thereafter, cells were stained for other markers.

Flow cytometry

Flow cytometry was performed on a BD LSRII with combinations of
the following antibodies: from BD Biosciences: CD19 (1D3), CD11c
(HL3), B220 (RA3-6B2), CD3 (145-2C11), CD4 (RM4-5 and
GK1.5), CD8 (53-6.7), CD44 (IM7), Gr-1 (RB6-8C5), IFN-y
(XMG1.2), IL-4 (11B11), IL-17 (TC11-18H10), Ki-67 (B56),
CXCR3 (CXCR3-173), CD90.2 (53-2.1), CD45.2 (104), CD25 (PC
61), CD69 (H1.2F3), CD49d (R1-2), Siglec-F (E50-2440), Gata3
(L50 823), CDI16 (2.4G2), TCRP (H57 597), TCRyS (GL3),
CD62L (MEL-14), TCR VB 5.1/5.2 (MR9-4), Ter'"? (TER-119),
a4p7 (LPAM1) (DATK32), Sca-1 (D7), CD95 (Jo2), CD138 (281-
2), and purified rat anti-mouse CD16/CD32 (2.4G2); from Invitro-
gen: CD127 (A7R34), CD11c (N418), GL-7 (GL7), Foxp3 (FJK-
16s), and IL-13 (ebiol3A); from BioLegend: IL-5 (TRFK5), NK1.1
(PK136), ST2 (DIH9), Thyl.2 (53-2.1), Flt3 (CD135) (A2F10),
FceRIa (MAR-1), CD117 (Ckit) (2B8), PD-1 (29F.1A12), CD26
(H194-112), CD172a (P84), XCR-1 (ZET), and CD103 (2E7); and
from R&D Systems: IL17RB (752101). The CellTrace Violet Cell
Proliferation kit from Thermo Fisher Scientific was used to track
transferred OT-II cells. Fixable viability dye eFluor 780 or LIVE/
DEAD Fixable Yellow Dead Cell Stain Kit from Thermo Fisher Sci-
entific were used to assess viability. All samples were fixed before
being run on the flow cytometer.

Histopathological analysis
In Fig. 2, independent mouse lungs were inflated with and fixed in
10% formalin for a minimum of 24 hours before being embedded in
paraffin. Four-micrometer sections were cut on a rotary microtome
(Mikrom HM355s). In Figs. 4 to 6, the right middle lobe was taken
for histological analysis, whereas the other lobes were used for cel-
lular analysis by flow cytometry. The right middle lobe was fixed in
4% paraformaldehyde for 24 hours and embedded in optimal
cutting temperature and frozen at —80°C, and then 7-pm sections
were cut on a Cryostar NX70 Cryostat (Thermo Fisher Scientific).
PAS and H&E stains were performed. Slides were imaged on an
Olympus IX70 inverted fluorescent microscope using 20x objective.
For analysis of mucus score, PAS-stained sections were scored on
a 0- to 4-point scale with points assigned on the basis of the percent-
age of the airway covered by positively stained cells: 0 points for 0%
of the airway affected, 1 point for 1 to 25%, 2 points for 26 to 50%, 3
points for 51 to 75%, and 4 points for more than 75% PAS positive.
For analysis of epithelial thickness, 1 point was assigned for airways
where the epithelium was not a monolayer and had >1 cell, and 1
point was assigned for the presence of clusters of airway epithelial
cells. For assessment of inflammation around the airways, 0 points
were assigned for no inflammation, 1 point for some inflammatory
cells around airway, 2 points for a ring of inflammatory cells around
the airway, 3 points for a ring two to four cells deep, and 4 points for
a ring more than four cells deep.

Antibody ELISAs

HDM allergen extract (5 pg/ml) was diluted in PBS and incubated at
4°C overnight in a 96-well plate (nunc). For total IgM, IgE, IgGlI,
IgG2c, and IgA, plates were incubated at 4°C overnight with IgM-
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UNLB (SouthernBiotech, catalog no. 1020-01), IgE-UNLB (BD Bio-
sciences, catalog no. 553414), IgG1-UNLB (SouthernBiotech,
catalog no. 1070-01), IgG2c-UNLB (SouthernBiotech, catalog no.
1079-05), IgA-UNLB (SoutherBiotech, catalog no. 1040-01).
Plates were incubated at 4°C overnight and blocked with 2% milk
in PBS the following morning. Serum/BALF was diluted as indicat-
ed. For detection of allergen-specific IgE, serum was depleted of IgG
first using Protein G HP SpinTrap (Invitrogen) columns according
to the manufacturer’s protocol. Plates were washed in PBS/Tween.
Serum/BALF was added to the wells and incubated for 2 hours at RT
or overnight at 4°C. Plates were washed again and incubated for 1
hour with secondary antibody, either horseradish peroxidase
(HRP)—coupled anti-IgG1 (Southern Biotech, 1070-05), anti-
IgG2c (Southern Biotech, 1079-05), or biotin-coupled anti-IgE
(BD, R35-72), anti-IgA (BD, 556978), and anti-IgM (Mabtech
AB, 3845-6-250) followed by streptavidin-HRP (Mabtech). TMB
substrate (KPL) followed by H,SO, was used to develop and stop
the reaction. The Asys Expert 96 ELISA reader (Biochrom) was
used to read the optical density at 450 nm/405 nm.

Microbial restimulation assays

A single-cell suspension of splenocytes or medLN was prepared in
complete IMDM medium at 5 x 10° and 2 x 10° cells/ml, respec-
tively. One hundred microliters of cells was plated in 96-well round-
bottom plates, and another 100 pul of medium containing heat-killed
microbes (10° cfu/ml, 95°C for 15 min) or medium was added to the
plates. Anti-MHC-II or control Ig (10 ug/ml) was added to the
medium. The heat-killed microbes used were as follows: Clostridi-
um perfingens (ACHIM3, 47-3), S. aureus [American Type Culture
Collection (ATCC) 29213], Candida albicans (CCUG44135), L.
reuteri (DSM 17938), L. johnsonii (CCUG30725), S. typhimurium
(SL1344), E. coli (ATCC 35218), and K. pneumoniae (ATCC
25955). S. aureus, E. coli, and K. pneumoniae were provided by A.
Sjoling’s group at Karolinska Institutet. Cell culture supernatants
were collected after 48 hours and stored at —20°C.

Cytokine quantifications

In microbial restimulation assays, supernatant cytokines were mea-
sured using BD Flex Set kits in line with the manufacturer’s proto-
col. Briefly, capture beads with anti-cytokine antibodies were
incubated with supernatants for 2 hours and thereafter incubated
a further hour with anti-cytokine PE detection reagent. Capture
beads were analyzed by flow cytometry, and supernatant cytokine
concentration was evaluated using GraphPad Prism software.

For measurement of cytokines and chemokines from BALF, a
29-plex U-PLEX assay and a customized 6-plex U-PLEX assay
[Meso Scale Diagnostics (MSD)] including the following cytokines
were used: eotaxin, granulocyte-macrophage colony-stimulating
factor, IFN-a, IFN-f, IFN-y, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17C,
IL-17E/IL-25, IL-17F, 1L-21, IL-22, IL-23, IL-27p28/IL-30, IL-31,
IL-33, IFN-y—induced protein 10 (IP-10), CXCL1, monocyte che-
moattractant protein (MCP)-1, macrophage inflammatory protein
(MIP)-1a, MIP-2, MIP-3a, RANTES, and tumor necrosis factor.
The assay was performed according to the manufacturer's instruc-
tions using 50 ul BALF. The analysis was done using a QuickPlex SQ
120 instrument (MSD) and DISCOVERY WORKBENCH version
4.0 software.
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Statistical analysis

The statistical analysis used is stipulated in each figure and was cal-
culated using GraphPad Prism software. Student's ¢ test was used to
compare two groups. One-way analysis of variance (ANOVA) and
Bonferroni's multiple comparisons test were used when more than
two comparisons were made. In HDM experiments, statistical com-
parisons were made between SPF mice and wildlings administered
PBS, SPF mice and wildlings administered HDM, and HDM-
exposed SPF/wildling mice with their respective PBS control. For
analysis of lymphocyte ontogeny in wildlings, SPF and wildlings
were compared at the same time point, and corrections were
made for the number of comparisons along the time course. Only
significant comparisons are indicated. Mean and SEM are shown in
all graphs. *P < 0.05, **P < 0.01, **P < 0.001, and ****P < 0.0001.
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