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SUMMARY.

Infants have higher risk of developing allergic asthma than adults. However, the underlying
mechanism remains unknown. We show here that sensitization of mice with house-dust-mite
(HDM) in the presence of low-dose lipopolysaccharide (LPS) prevented T helper-2 (Th2) cell-
allergic responses in adult but not infant mice. Mechanistically, adult CD11b*migratory dendritic
cells (mDCs) up-regulated the transcription factor T-bet in response to tumor necrosis factor-a
(TNFa), which was rapidly induced after HDM+LPS sensitization. Consequently, adult CD11b
*mDCs produced interleukin-12 (I1L-12), which prevented Th2 cell development by promoting T-
bet up-regulation in responding T cells. Conversely, infants failed to induce TNFa following
HDM+LPS sensitization and therefore CD11b*mDCs failed to up-regulate T-bet, did not secrete
IL-12 and Th2 cell responses normally developed in infant mice. Thus, the availability of TNFa
dictates the ability of CD11b*mDCs to suppress allergic-Th2 cell responses upon dose-dependent
endotoxin sensitization and is a key mediator governing susceptibility to allergic airway
inflammation in infant mice.
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Children are a higher risk of developing asthma in low-LPS “clean” environments. Bachus et al.,
demonstrate that infant mice require higher doses of LPS to prevent Th2-dependent allergic-
responses due to the decreased ability to induce LPS-driven TNFa production and TNFR-
mediated CD11b* dendritic cell activation for Th2 cell suppression.

INTRODUCTION.

Asthma is the most common chronic disease of childhood, currently affecting ~10% of
school-aged children in U.S (Masoli et al., 2004). About 95% of those children begin
developing asthma in very early childhood, normally before they turn five years of age
(Masoli et al., 2004). Most cases of pediatric asthma are triggered by early sensitization to
common environmental allergens, which ultimately lead to the activation of T-helper 2 cells
(Th2) and the development of chronic Th2 cell-driven lung inflammation (Reynolds and
Finlay, 2017). Despite the epidemiological and mechanistic studies, however, the underlying
mechanisms for the high susceptibility to airway allergic inflammation and asthma
development in infants remain elusive.

The incidence of allergic airway disease has increased over the past decades in industrialized
countries (Masoli et al., 2004). Although numerous environmental factors associated to
change of lifestyle may have contributed to this rise, the hygiene hypothesis proposes that
the decreased exposure to microbial products is one of the main drivers. Supporting this
idea, exposure to microbial products, such as lipopolysaccharide (LPS) protects from the
development of experimental allergen-induced asthma (Daan de Boer et al., 2013; Schuijs et
al., 2015). In addition, infants sensitized to common circulating allergens in a “clean”
environment are at a higher risk of developing asthma later in life (Gereda et al., 2000;
Reynolds and Finlay, 2017; Schuijs et al., 2015; Stein et al., 2016; Zhu et al., 2010); thus
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suggesting a particular requirement for high-endotoxin exposure during infancy for allergic
asthma protection that is not fully understood.

Dendritic cells (DCs) are the main antigen-presenting cells for T cell activation and
polarization. In lymph nodes (LN), DCs can be broadly divided into LN-resident DCs
(rDCs) and migratory DCs (mDCs), which differentiate in peripheral tissues and migrate
constantly through afferent lymphatics to the draining lymph node. Both rDCs and mDCs
contain two major subsets: IRF8-dependent CD103*DCs (recently named cDC1s) and IRF4-
dependent CD11b*DCs (recently named cDC2s) (Guilliams et al., 2014). Although the roles
of the various DC subsets are not fully understood, CD11b*mDCs have been shown to be
critical for the development of Th2 cell responses to common allergens (Leon, 2017;
Plantinga et al., 2013). In contrast, CD103*mDCs are likely to prevent the development of
allergic inflammation (Conejero et al., 2017). Whether alterations in individual DC subsets
during infancy contribute to asthma susceptibility remains unexplored.

Here we show that CD11b*mDCs from adult mice up-regulated the transcription factor T-bet
and produced interleukin-12 (IL-12) following house dust mite (HDM) sensitization in the
presence of LPS. As a consequence, CD4* T cells interacting with CD11b*mDCs in adult
mice up-regulated T-bet, which precluded Th2 cell differentiation and subsequent
pathogenic allergic responses to HDM. We found that the up-regulation of T-bet on CD11b
*mDCs was dependent on TNFa production and TNFR signaling. Adults rapidly produced
TNFa in response to low-dose LPS sensitization; however, infant mice had impaired ability
to produce TNFa to LPS. As a result, CD11b*mDCs from infant mice failed to up-regulate
T-bet and IL-12 in low-LPS conditions. Thus, CD4* T cells interacting with CD11b*mDCs
in infants failed to receive 1L-12 signals, did not up-regulate T-bet and fully differentiated
into pathogenic Th2 cells. Thus, whereas low LPS-exposure during HDM sensitization
protected adult mice from developing Th2-driven allergic asthma, infant mice required
higher doses of LPS. Collectively, our data demonstrated that LPS prevents Th2-dependent
allergic-responses with different thresholds in adults and infants, and provide a plausible
mechanism underlying the higher susceptibility to allergic airway inflammation observed in
children.

LPS inhibits Th2 cell-mediated immunity to inhaled HDM with different thresholds in infant
and adult mice.

To test whether LPS influenced Th2 cell response to HDM in infancy and adulthood, we
intranasally (i.n.) sensitized adult (=8 wk-old) and infant (18 d-old) IL-4 reporter B6.4get
mice with HDM in the presence or absence of different amounts of LPS (sensitization phase,
Fig. 1A). We then challenged them i.n. with HDM (challenge phase, Fig. 1A) and
determined the frequency (Fig. 1B) and number (Fig. 1C) of GFP*CD44NCD4* T cells.
GFP*CD4™ T cells similarly accumulated in the lungs of adult and infant mice that were
sensitized with HDM (Fig. 1B-C), but failed to accumulate in adult mice that were sensitized
with HDM in the presence of either low (5ug; LPS') or high doses (50ug; LPSM) of LPS
(Fig. 1B-C). Similarly, LPSN significantly prevented the accumulation of GFP*CD4* T cells
in infant mice (Fig. 1B-C). Importantly, however, LPS!° exposure failed to prevent the
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expansion of GFP*CD4™" T cells in infant mice (Fig. 1B-C). As a result, GFP*CD4" T cells
largely accumulated in the lungs of HDM+LPS!°-sensitized infants relative to adult
counterparts (Fig. 1C). We next sensitized and challenged adult and infant C57BL/6J (B6)
mice as described in Fig. 1A and quantified IL-13* and IFN* CD4* T cells in the lungs. As
predicted, IL-13*CD4* T cells were reduced in adults that were initially sensitized with
HDM+LPS!® compared to HDM (Fig. 1D-E). Conversely, this effect was not observed in
infants (Fig. 1D-E). LPS!° sensitization did not induce IFN-y*CD4* T cells in the lungs
(Fig. 1D-E), but inhalation of LPSM results in IFN-y*CD4* T cells (Fig. SLA-B). These data
show that relatively higher amounts of endotoxin exposure are required to prevent the
accumulation of Th2 cells in infants. In agreement with these results, while LPS!°
administration at the time of initial sensitization prevented eosinophilic airway inflammation
(Fig. 1F and Fig. S1C-D), airway goblet cell hyperplasia (Fig. S1F) and accumulation of IgE
*CD138" antibody secreting cells (IgE*ASCs) in the lung-draining, mediastinal lymph node
(mLN) (Fig. 1G and Fig. S1E) in adult challenged mice, it failed to do so in infants.
Moreover, LPSI® sensitization in adults, but not in infant mice, reduced airway
responsiveness to methacholine (Fig. 1H) and improved peripheral blood arterial oxygen
saturation (SpO2) (Fig. 11). Similar differences compared to adults were observed in
neonatal (7 d-old), 14 d-old early infant and 18 d-old infant mice (Fig. S2A-J). Taken
together, these data indicate that exposure to relatively low endotoxin amounts, in a defined
time window from neonatal to infant period, fail to prevent the development of Th2 cell
responses and allergic inflammation to inhaled HDM.

The environment of the infants is more resistant to LPS and more prone to prime HDM-
specific Th2 cell responses.

The development of allergen-specific Th2 effector cells that migrate to the lungs requires T-
cell priming in the mLN that occurs after initial sensitization (Ballesteros-Tato et al., 2016).
Therefore, we next enumerated GFP*CD44MCD4* T cells in the mLN of adult and 18 d-old
infant B6.4get mice during the sensitization phase (Fig. 1J). The frequency (Fig. 1K-L) and
number (Fig. 1M) of GFP*CDA4* T cells were significantly reduced in HDM+LPS! relative
to HDM-sensitized adult mice. In contrast, LPS!® did not prevent the accumulation of GFP
*CD4* T cells in infants (Fig. 1K-M). Similar results were found in 7 and 14 d-old mice
(Fig. S2K). Lung neutrophilia, was not examined since it is unlikely to significantly affect
Th2 cell priming. These results suggested that low-dose LPS prevents Th2 cell priming in
the mLN after HDM sensitization in adult but not in neonatal and infant mice. Next we
tested whether differential capacity of low-dose LPS to prevent Th2 cell priming in adults
and infants was dictated by intrinsic differences in the CD4* T cell compartment (Fig. 1N-
Q). We transferred 4get.OT-11 TCR-transgenic CD4* T cells from adult or infant mice into
congenic adult recipients (Fig. 1N). Recipients were then i.n sensitized with HDM
+endotoxin-free ovalbumin (HDM+OVA)+/-LPS!° and donor 4get.OT-11 (CD45.1%) cells
were analyzed for the expression of GFP-1L-4 in the mLN (Fig. 10-Q). Data showed that
the differential capacity of LPS!° to prevent Th2 cell development in adults and infants was
not due to intrinsic differences in the CD4" T cells. We next transferred 4get.OT-11 cells
from adult mice into adult or infant recipients (Fig. 1R). Those were then sensitized with
HDM+OVA+-LPS!® and donor-derived GFP* cells were analyzed (Fig. 1S-U). LPS° failed
to prevent the accumulation of donor-derived GFP*4get.OT-I1 cells when developing in
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infant but not in adult recipients (Fig. 1S-U). i.n. HDM+LPS delivery was similarly effective
in adults and infants (Fig. S2L-N). Similar results were obtained when sensitization was
given i.t. rather than i.n. (Fig. S20-Q). Thus, whereas low-LPS prevents Th2 cell
differentiation in adult mice following HDM sensitization, the environment of the infants is
more resilient to LPS, hence infants are at higher risk for priming allergen-specific Th2 cell
responses in the presence of low doses of endotoxin.

Infants do not induce T-bet expression in T cells under LPS!© sensitization.

T-bet suppress Th2 cell-associated program (Zhu et al., 2012). To test whether CD4* T cells
developing in an infant or adult environment differently up-regulated T-bet, we transferred
4get.OT-11 cells from adult mice into either adult or infant recipients, sensitized them, and
analyzed the dynamics of T-bet expression (Fig. 2A-C and S3A). As expected, LPS©
treatment prevented the accumulation of 4get.OT-11 GFP* cells in adult mice, but not infant
mice, from day 5 (Fig. 2B). Importantly, 4get.OT-I1 cells expressed higher amounts of T-bet
when developing in adults sensitized with HDM+OVA+LPS!® (Fig. 2C). Further, this up-
regulation of T-bet occurred concomitant with the down-regulation of GATA-3 (Fig. S3B-
D). In contrast, 4get.OT-1 cells failed to up-regulate T-bet in HDM+OVA+LPS!° —sensitized
infants (Fig. 2C). These results indicate that, while LPS!® promotes T-bet expression in
CD4* T cells differentiating in adult mice, CD4* T cells fail to up-regulate T-bet when
developing in infants. We next investigated whether T-bet up-regulation to LPS was required
to prevent Th2 cell differentiation. Thus, we co-transferred WT (CD45.2*CD45.1%) and
Thx217I~ (CD45.2*) 4get.OT-11 cells into CD45.1* adult recipients, sensitized them, and
analyzed the progeny from the WT and 76x227/~ donors (Fig. 2D). As expected the
frequency of GFP™ cells within the WT 4get.OT-I1 decreased in the mLN of HDM+OVA
+LPS!° relative to HDM+OVA-sensitized mice (Fig. 2E-F). In contrast, the frequency of
GFP™ cells within the 75x217/~ 4get.OT-11 was equivalent in both groups (Fig. 2E-F). We
next analyzed the frequency of 1L-13" cells within the donor WT and 76x217/~ OT-II cells
in the lung following challenge (Fig. 2G). As predicted, the frequency of IL-13*WT OT-II
cells was decreased in mice that were initially sensitized with HDM+OVA+LPS© relative to
HDM-+OVA-sensitized mice (Fig. 2H-1). In contrast, the frequency of IL-13* 76x217/~ OT-II
resulted equivalent in both groups (Fig. 2H-1). Thus, expression of T-bet by CD4* T cells in
response to low-dose endotoxin is important to suppress the endogenous Th2 cell
differentiation program to HDM.

Lung mDCs from adult and infant mice differ in their ability to induce T-bet in responding T

cells.

Lung mDCs are essential for priming Th2 cells to HDM (Leon, 2017). Thus, we tested
whether LPS!® administration differentially affected adult and infant mDCs. Given that
expression of T-bet by CD4™ T cells was important to suppress the Th2 cell development
after HDM+LPS!© sensitization (Fig. 2A-1), we first tested the ability of infant and adult
DCs to activate naive CD4™ T cells and promote T-bet expression. mLN CD11c* DCs were
co-cultured with CFSE-labeled naive OTII cells (Fig. 2J). OTII proliferated equally when
primed with CD11c* cells from adults or infants (Fig. 2K). OT-11 cells primed by CD11c*
cells from HDM+OVA+LPS!0-sensitized adults up-regulated T-bet relative to OT-11 cells
primed by CD11c* cells from HDM+OVA-sensitized adults (Fig. 2L-M). In contrast, OT-II
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cells primed by CD11c™* cells from HDM+OVA+LPS!°-sensitized infants failed to up-
regulate T-bet (Fig. 2L-M). These results indicated that DCs from infant and adult mice
differ in their ability to induce T-bet expression in T cells following HDM+LPS!°
sensitization. We next characterized mLN mDC subsets in adult and infant mice. Frequency
(Fig. S3E) and number (Fig. S3F) of CD103*mDCs decreased after HDM+LPS!°
sensitization in adult mice. In contrast, CD11b*mDCs largely accumulated (Fig. S3E, G).
Similar results were obtained in infants (Fig. S3E-G). We next assessed the capacity of DC
subsets to capture and transport HDM-derived Ags into the mLN. Thus, we i.n sensitized
adults and infants with Alexa-647 labeled-HDM+LPS!? and analyzed Alexa-647*CD11c*
DCs in the mLN (Fig. S3H-K). Although some CD103*mDCs were Alexa-647", the vast
majority of HDM-bearing, Alexa-647*CD11c* DCs were CD11b*mDCs in both adults and
infants (Fig. S3H-K). Moreover, the frequency (Fig. S3H) and number (Fig. S31-K) of
HDM-bearing, Alexa-647* CD11b mDCs and CD103*mDCs resulted identical in infants
and adults. Thus, the differences in Th2 cell responses between adults and infants following
HDM+LPS!° sensitization was not due to differences in the number, nor the capacity of
mDCs subsets to capture and transport HDM-derived Ags into the mLN, but to their
functional capacity to induce T-bet expression in T cells.

T-bet expression by CD11b*mDCs is required to prevent Th2 cell responses to HDM.

Few reports have suggested that intrinsic T-bet expression might fine-tune the capacity of
DCs to differentially induce Thl and Th2 cells (Lipscomb et al., 2009; Lugo-Villarino et al.,
2003). Thus, we next used T-bet-ZsGreen reporter mice (Zhu et al., 2012) to investigate
whether infant and adult mDCs up-regulated T-bet in response to HDM+LPS sensitization
(Fig. 3A-D). CD11b*mDCs from HDM+LPS!°-sensitized adult mice up-regulated T-bet
expression after 48h compared to HDM-sensitized mice (Fig. 3A,C). In contrast, CD11b
*mDCs from HDM+LPS!°-sensitized infants only modestly up-regulated T-bet expression
(Fig. 3A,C). Notably, CD103*mDCs (Fig. 3B,D) failed to express T-bet. Similar results were
obtained when T-bet protein expression was analyzed (Fig. 3E-F). Members of IFN
regulatory factors (IRF) family play essential roles in the functional activation of DCs (Gao
et al., 2013; Takaoka et al., 2005; Taki et al., 1997; Williams et al., 2013). Thus, we also
investigated whether HDM+LPS!® sensitization differentially affected the expression of IRF
members in infant and adult mDCs. Although CD11b*mDCs from HDM+LPS!°-sensitized
adult and infant mice differentially up-regulated T-bet expression (Fig. 3J), no differences
were observed in the expression of IRF4 (Fig. 3G), IRF1 (Fig. 3H) or IRF5 (Fig. 3I).
Together, these data indicated that CD11b*mDCs from infant mice fail to up-regulate T-bet
expression in response to HDM+LPS!° sensitization. To address whether T-bet expression by
CD11b*mDCs was required for inducing T-bet expression in T cells, CD11c™ cells from the
mLN of HDM+OVA+/-LPS!%-sensitized 76x217/~ mice or adult and infant B6 mice were
used to prime OTII cells in vitro (Fig. 4A). OTII cells proliferated equally well in all
conditions (Fig. 4B). Compared to non-LPS sensitized adult-derived DCs, however, only
CD11c* cells from mLN of HDM+LPS!°-sensitized B6 adults, but not from B6 infants or
Tbx217'~ mice induced significant T-bet expression (Fig. 4B-C). Correlating with this, OTII
cells activated in the presence of CD11c* cells from HDM+LPS!%-sensitized B6 adults
expressed lower amounts of GATA-3 (Fig. 4B,D). These data suggested that T-bet
expression by DCs is required to induce T-bet and prevent GATA3 expression in responding

Immunity. Author manuscript; available in PMC 2020 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bachus et al.

Page 7

T cells. To address whether T-bet expression by DCs was required to prevent allergen-
specific Th2 cell responses /n vivo, we crossed /tgax-cre,-EGFP (Stranges et al., 2007) mice
to 76x21"" mice (Intlekofer et al., 2008) to generate mice in which T-bet is conditionally
deleted in CD11c* cells (/tgaxce- Thx21™. Conditional deletion of T-bet in CD11c* cells
did not lead to defect in mDC subset development (Fig. S4A-B). Importantly,
MHCHNCD11c* DCs from the mLN of /tgax®’e- Thx21™"" mice, but not CD11c™ cells,
expressed high amounts of GFP (Fig. S4C). All CD11c" DCs, including CD103*mDCs,
CD11b™mDCs, and rDCs expressed GFP (Fig. S4D) and expected to have equimolar
expression with Cre (Stranges et al., 2007). Plasmacytoid DCs expressed lower amounts of
GFP (Fig. S4D) (Stranges et al., 2007). As predicted, mLN CD11b*mDCs of HDM+LPS'°-
sensitized /tgax“’e- Thx21™"M mice failed to express T-bet (Fig. S4E-F). Thus, we next
transferred OT-11 cells into either /fgax“"e- Thx21™ or control mice. Recipients were then
sensitized and challenged and donor OTII cells were analyzed in the lungs (Fig. 4E). As
expected, the frequency (Fig. 4F-G) and number (Fig. 4H) of 1L-137OTII cells were reduced
in control LPS!o-sensitized mice compared to non-LPS-sensitized mice. Conversely, LPS!°
sensitization failed to prevent the accumulation of IL-13*OTII cells in the lungs of /fgax“e-
Tox21™"f mice (Fig. 4F-H). As a control, LPS!° sensitization did not induce IFNy*CD4* T
cells (Fig. 4F-H). Likewise, HDM+LPS!® sensitization failed to prevent lung eosinophilia
(Fig. S4G,1) or accumulation of mLN IgE*ASCs (Fig. S4H,J) in /fgaxe’e- Tox21™"" mice.
Finally, 4get.OT-1 cells were transferred into control or /fgaxe- Thx21™f mice and the
frequency of donor GFP*OTII were calculated in the mLN after sensitization (Fig. 41).
LPSIo sensitization prevented the accumulation of GFP*OT-11 in the control recipients, but it
failed to do so in /tgaxc’e- Thx21™ mice (Fig. 4J-L). Correlating with these results, LPS'©
sensitization induced T-bet up-regulation in control but not in /tgaxe- Tox21™"f mice (Fig.
4M). These results indicate that T-bet-expressing DCs are required for the suppression of
Th2 cell responses to HDM in the presence of low doses of endotoxin. To further confirm
these results, CD11c* cells from lungs of HDM+/-LPS!°—sensitized adult B6 and 76x217/~
mice were used to i.n. sensitize naive infant B6.4get mice (Fig. 4N). The frequency (Fig.
40) and number (Fig. 4P) of GFP*CD69*CD44NCDA4* responding T cells were determined
in the mLN. As a control, some mice were also sensitized with infant DCs. Purified lung
CD11c™ cells were enriched over 80% in mDCs (Fig. S4L) and were recovered in similar
numbers in the mLN of all groups (Fig. S4M-N). Importantly, from the different donor mDC
types, only the donor mDCs from HDM+LPS-sensitized adult mice were able to prevent the
accumulation of activated GFP*CD4 T cells in the infant recipients (Fig. 40-P).
Collectively, these data suggested that up-regulation of T-bet in lung mDCs is required to
prevent Th2 cell responses to low-dose endotoxin and HDM sensitization.

CD11b*mDCs from Thx21~/~ and infant mice are defective in producing IL-12 upon low-
dose endotoxin sensitization.

We next made B6:Thx217'~ mixed bone marrow (BM) chimeras to investigate the role of T-
bet in DC function. Briefly, irradiated B6 (CD45.1%) recipient mice were reconstituted with
a50:50 combination of BM from B6 wild-type (WT) (CD45.1*) and 76x217~ (CD45.2%)
donor mice (Fig. 5A). WT:Tbx217'~ mice were sensitized with HDM+/-LPS!° and mLN
mDC were analyzed. mDC subsets derived equally from the WT and 74x217/~ progenitors
(Fig. S5A). Given than IL-12 production is up-regulated in DCs after LPS activation
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(Trinchieri, 2003), we next assessed IL-12 production by mDCs subsets. WT CD11b*mDCs
largely produced IL-12p70 in day3-HDM+LPS!°-sensitized mice relative to HDM-sensitized
or day1-HDM+LPS!°-sensitized mice (Fig. 5C and Fig. S5B). In contrast, sensitization in
the presence of LPSO failed to promote IL-12p70 production by 74x217/~ CD11b*mDCs
(Fig. 5C and Fig. S5B). Conversely, equivalent low numbers of IL-12* WT and 76x217/~
CD103*mDCs were detected in HDM and HDM+LPS%-sensitized mice (Fig. 5C and Fig.
S5C). These results indicated that, while T-bet is dispensable for the development of CD11b
*mDCs, is intrinsically required for the capacity of these cells to produce sustained IL-12 in
response to LPS. Corresponding with this, CD11b*mDCs from HDM-sensitized infant mice
failed to up-regulate IL-12p70 production 3 days after LPS!® administration compared to
adults (Fig. 5D-E and Fig. S5D). Although our data suggested that CD11b*mDCs up-
regulate T-bet-dependent I1L-12 production and suppress Th2 cell priming after HDM+LPS
sensitization, a published report have suggested that CD103*mDCs have the ability to
restrain Th2 cell responses to HDM through the production of IL-12 (Conejero et al., 2017).
Thus, to test the role of CD103*mDCs during LPS!%-sensitization, we analyzed Barf3/~
mice that selectively lack the CD103*CD11b~DC subset (Edelson et al., 2010). We
transferred 4get.OT-11 CD4™ T cells into either WT or Batf3™/~ recipients, sensitized them,
and analyzed on day 6 (Fig. S5E). LPSI° sensitization abrogated GFP* by donor OTII cells
in both WT and Batf3~ recipients (Fig. S5F-G), suggesting that CD103*mDCs are not
necessary to suppress Th2 cell priming in response to low-dose endotoxin sensitization.

Given that IL-12 induces T-bet expression in T cells (Zhu et al., 2012), we next tested
whether recombinant IL-12 (rlL-12) administration during HDM*LPS!© sensitization
restored the capacity of low-LPS treatment to abrogate Th2 cell development in infant and
Itgax©re- Thx21™f mice. Thus, we transferred 4get.OT-11 CD4* T cells into B6 adult, B6
infant and /tgax“"¢ Thx21 7 mice. Recipients were then sensitized with HDM+OVA+/
-LPS'°, and PBS or rlL-12 was i.n co-administered (Fig. S5H). Expression of T-bet (Fig.
5F,H) and GFP (Fig. 5G,l) by donor 4get.OT-11 cells was assessed in the mLN. As expected,
sensitization in the presence of LPS!° promoted T-bet up-regulation (Fig. 5F,H), thereby
preventing GFP expression (Fig. 5G,1) in B6 adults, but not in infant or /tgax<'e- Tox217/1
mice. Importantly, however, rIL-12 administration restored T-bet expression in infant and
Itgaxere- Thx21™" mice sensitized in the presence of LPS!° (Fig. 5F,H). As a consequence,
the frequency of donor GFP*OTII cells resulted similar in HDM+LPS!°-sensitized B6 adults
and riL-12-treated infant and /tgax“"e- Thx21™"" mice (Fig. 5G,1). Administration of rlL-12,
however, did not appear to affect T-bet or IL-12p70 expression by CD11b*mDCs (Fig. S5I-
L). Collectively, our data indicate that adult CD11b*mDCs up-regulate T-bet after HDM
+LPS!° sensitization, which promotes IL-12 production; thus preventing Th2 cell
differentiation. In contrast, infant CD11b*mDC fail to up-regulate T-bet, which prevents
optimal IL-12 production and subsequent Th2 cell inhibition.

TNFa-driven activation of CD11b*mDCs is required to prevent Th2 cell responses to HDM.

We next tested whether direct activation of CD11b*mDCs by LPS was required to induce T-
bet expression after HDM+LPS!° sensitization. Thus, we made B6(CD45.1%): T/r4 7/~
(CD45.2%) mixed BM chimeras. Chimeras were sensitized and the expression of T-bet in
mLN CD11b*mDCs was determined. As expected, CD11b*mDCs from WT compartment
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up-regulated T-bet expression after HDM+LPSI© sensitization (Fig. 6A-B). Likewise, CD11b
*mDCs from T/r4'~ compartment also up-regulated T-bet expression (Fig. 6A-B),
suggesting that LPS did not directly activate CD11b*mDCs to promote T-bet expression.
LPS induces IL-1, which in turn activates IL-1R1-TLR4 signaling (\erstrepen et al., 2008),
therefore we next tested whether indirect activation of CD11b*mDCs through the IL-1R1
was required to induce T-bet expression after HDM+LPS!0 sensitization.

B6(CD45.1%): //1r17/~(CD45.2*) mixed BM chimeras were analyzed and found that I1L-1R1
signaling neither mediated T-bet up-regulation in CD11b*mDCs (Fig. 6A-B). To gain insight
into the mechanisms underlying T-bet regulation in adult and infant CD11b*mDCs, we
sorted CD11b*mDCs from mLN of adult and infant mice 24h after HDM+LPS!°
sensitization and performed RNA sequencing (RNA-seq) and gene set enrichment analysis
(GSEA) to identify hallmark-signaling pathways that were differentially regulated between
adult and infant CD11b*mDCs. As a result, 173 differentially expressed genes were
identified, 110 genes were down-regulated and 63 genes were up-regulated in infant CD11b
*mDCs (Table S1). Notably, the pathway regulated by nuclear factor kappa B (NF-kB) in
response to TNFa had the highest normalized enrichment score (NES = 2.64, FDR g-value=
1.28e742) and contained the largest number of genes down-regulated in infant CD11b*mDCs
(Fig. 6C, S6A-B and Tables S2-3). TNFa activates NF-kB and activator protein-1 (AP-1)
transcription factors (Verstrepen et al., 2008). Gene expression of NF-kB-c-rel and the AP-1
family members c-Jun, JunB, c-Fos and FosB were decreased in infant CD11b*mDCs after
HDM+LPS!? sensitization (Table S1). We next evaluated c-Rel and P-c-Jun protein
expression in adult and infant mMLN CD11b*mDCs. Adult CD11b*mDCs, but not infant
CD11b*mDCs, induced c-Rel and P-c-Jun in response to HDM*LPS!© sensitization (Fig.
S6C-E). We next tested whether LPS-induced TNFa played a role in the activation of NF-
kB and AP-1 in CD11b* mDCs. Therefore, we evaluated protein expression of NF-kB-c-
Rel, the NF-kB early response protein IkBC and P-c-Jun-AP-1 in adult mLN CD11b*mDCs
after sensitization in presence or absence of TNFa neutralizing mAb or TNFa cytokine. As
a control we also included the analysis of 18 d-old infant CD11b*mDCs. As expected, adult
CD11b*mDCs, but not infant CD11b*mDCs, induced c-Rel, IkBC and P-c-Jun in response
to HDM+LPS!? sensitization (Fig. 6D-E). However, anti-TNFa treatment prevented these
effects (Fig. 6D-E). Additionally, HDM sensitization in the presence of TNFa cytokine was
able to induce c-Rel, IkBC and P-c-Jun expression in CD11b*mDCs compared to HDM
sensitization alone (Fig. 6D-E). These data suggested that the activation of NF-kB and AP-1
in CD11b*mDCs after HDM+LPS!? sensitization is mediated by TNFa signaling.

We next examined whether the activation of CD11b*mDCs by TNFa signaling through TNF
receptors (TNFR1 and TNFR2) was required to induce T-bet expression after HDM*LPS!°
sensitization. As above, 50% CD45.1*WT:50% CD45.2* Tnfr1~/~ Tnfr2'~ mixed BM
chimeras were generated, sensitized, and the expression of T-bet in mLN CD11b*mDCs was
determined. Whereas CD11b*mDCs from WT compartment up-regulated T-bet expression
in HDM+LPS°-sensitized chimeras, CD11b*mDCs from 7nfr1~/~ Tnfr2”~ compartment
failed to up-regulate T-bet (Fig. 6F,H), suggesting that TNFR signaling in CD11b*mDCs
was required for the up-regulation of T-bet following HDM+LPS!® sensitization. To confirm
these data we further determined the effect of TNFa neutralization after sensitization. Thus,
we administered anti-TNFa mAb to 50% CD45.1*WT:50% CD45.2* T/r4”~ mixed BM
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chimeras at the time of HDM+LPS!° sensitization. Anti-TNFa treatment prevented T-bet up-
regulation in CD11b*mDCs from both WT and 7/r4~/~ compartments (Fig. 6G, ). Together
these data suggested that in adults, HDM+LPS!° sensitization induced activation of NF-kB
and AP-1 and T-bet up-regulation in CD11b*mDCs by LPS-induced TNFa production and
TNF-a-mediated signaling.

To test whether TNFa-mediated signaling in DCs was required to suppress Th2 cell priming
in response to low-dose endotoxin sensitization, we generated BM chimeras that expressed
TNFR normally (DC-WT) or that were selectively TNFR deficient in CD11c* DCs after
diphtheria toxin (DT) administration (DC-TNFR1&2) (Fig. 6J)(Leon et al., 2012). After
reconstitution, we transferred 4get.OT-11 CD4" T cells into the chimeras, sensitized and
treated them with DT to ablate CD11c* cells derived from the /tgax-DTR BM, and analyzed
GFP expression by donor 4get.OT-I1 cells in the mLN (Fig. 6K). Sensitization in the
presence of LPS!® prevented GFP in DC-WT chimeras, but not in DC-TNFR1&2 chimeras
(Fig. 6L-M). Thus, TNFR is required on CD11c* DCs to suppress Th2 cell priming after
HDM-+LPS!® sensitization.

Impaired TNFa-driven activation precludes T-bet expression in infant CD11b*mDCs and
their capability to suppress Th2 cell priming.

Our previous data show that in infants, HDM+LPS!° sensitization induced poor NF-kB and
AP-1 activation and T-bet up-regulation in CD11b*mDCs, suggesting a defective TNFa.-
TNFR-mediated signaling. Thus, we next determined cytokine responses in bronchoalveolar
lavage (BAL) fluid from adults and 18 d-old infants. HDM+LPS!© sensitization caused great
increase in concentrations of TNFa in the BAL fluid of adult mice compared with moderate
increase in infants (Fig. 7A). These differences were also observed between adults and 7-14
d-old mice (data not shown). No differences between adults and infants were found in the
expression of other cytokines such as IL-1a, IL1p (Fig. 7A) or IL-6 (not shown). These data
indicated that infants had a defective production of TNFa after HDM+LPS!© sensitization.
To test whether defective T-bet up-regulation in infant CD11b*mDCs after HDM+LPS!°
sensitization was due to defective TNFa production, 18 d-old T-bet-ZsGreen mice were
sensitized with HDM+LPS!® in presence of different concentrations of TNFa and the
expression of T-bet in mLN CD11b*mDCs was determined. As expected, HDM+LPS!©
sensitization did not induce significant up-regulation of T-bet in CD11b*mDCs from infant
mice (Fig. 7B-C). However, co-administration of TNFa induced T-bet up-regulation in
infant CD11b*mDCs to amounts similar to those found in CD11b*mDCs from HDM
+LPSlo-sensitized adults (Fig. 7B-C). Similar up-regulation of T-bet in CD11b*mDCs was
seen from 7, 14 and 18 d-old mice after exogenous administration of TNF a (Fig. S7TA-B).
Thus, our data indicated that a defective TNFa production in infants prevented T-bet up-
regulation in CD11b*mDCs after HDM+LPS!° sensitization. In addition, administration of
TNFa during HDM+LPS!© sensitization recover the capacity of infant mLN CD11b*mDCs
to produce IL-12 to amounts similar to adult CD11b*mDCs (Fig. 7D-E).

Finally, we tested whether administration of TNFa during HDM+LPS!© sensitization
restored the capacity of low-LPS treatment to abrogate Th2 cell development in infant mice.
We transferred 4get.OT-11 CD4* T cells into B6 adults and 18 d-old infants, sensitized them
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in the presence of TNFa and assessed expression of GFP by donor 4get.OT-I1 cells (Fig. 7F-
G). TNFa administration restored the capacity of LPS! to prevent GFP expression in infant
mice (Fig. 7F-G). We next sensitized adult and 18 d-old infant B6 mice as above, challenged
them with HDM and quantified IL-13*, IL-5* and IFNy* CD4* T cells (Fig. 7H-I). As
expected, HDM+LPS!? sensitization prevented the accumulation of IL-13* and IL-13*IL-5*
CD4* T cells in the lungs of adults but not in infants (Fig. 7H-I). Importantly, sensitization
in the presence of TNF a restored the capacity of LPS!° to prevent the accumulation of
IL-13* and IL-13*IL-5" CD4* T cells in infants (Fig. 7H-1). Likewise, HDM+LPS!©
sensitization in the presence of TNF a also prevented the accumulation of lung eosinophils
(Fig. 7J and S7C-D), mLN IgE*ASCs (Fig. 7K and S7E), the induction of goblet cell
hyperplasia (Fig. S7F) and improved SpO2 (Fig. 7L) in infant mice. Same results were seen
when analyzing 10 d-old mice (data not shown). In contrast, TNF a neutralization after
HDM+LPS!® sensitization in adult mice abolished the suppressive effect of LPS on asthma,
including the accumulation of 1L-13*CD4* T cells (Fig. S71-J) and eosinophils (Fig. S7G-H)
in the lungs, the goblet cell hyperplasia (Fig. S7F) and the beneficial effect on SpO2 (Fig.
7L). Thus, our data indicated that a defective TNF a production prevents the suppression of
Th2 cell responses to HDM in the presence of low doses of endotoxin.

To assess the cellular source of TNF a after HDM+LPS!® sensitization, we first evaluated
whether LPS-driven TNF a production was mediated by radioresistant (including lung
epithelium) or hematopoietic cells in the lungs. Therefore B6 (WT) or 7/r47~ recipients
were irradiated and reconstituted with BM from WT or 7/r4~ mice. After reconstitution,
TNF a production in the lungs was determined after HDM+LPS!© sensitization. Importantly,
chimeric 7/r47~ mice transplanted with WT BM, but not chimeric mice transplanted with
TIr47!~ BM, were able to produce WT amounts of TNF a * cells (Fig. 7M-N), suggesting
that radiosensitive (hematopoietic) cells contained the principal source of TNF* cells.
Likewise, only mLN CD11b*mDCs of HDM+LPS!°-sensitized chimeric mice transplanted
with WT BM, but not with 7747~ BM, were able to up-regulate T-bet (Fig. 70-P). Next, we
evaluated whether hematopoietic cells directly responded to LPS to produce TNF a. Thus,
WT:TIr4!~ BM chimeras were sensitized and TNF a production in the lungs was
determined. As expected, HDM+LPS!° sensitization induced TNF a production (Fig. 7Q),
but importantly, TNF a* cells were principally restricted to the WT phenotype (Fig. 7Q-R),
suggesting that TNF a was produced by lung hematopoietic cells after direct recognition of
LPS by TLR4. Conversely, the analysis of W7://1r1~/~ BM chimeras showed that lung cells
did not require to express IL-1R to produce TNF a in response to LPS (Fig. 7Q-R). These
data suggested that TNF a -dependent up-regulation of T-bet in CD11b*mDCs was driven
by hematopoietic cells that produce TNF a in response to LPS, but not by epithelial cells.

Collectively, our data indicated that adult CD11b*mDCs up-regulate T-bet in response to
TNFa produced following HDM+LPS!® sensitization, which in turn promotes IL-12
production, thereby preventing Th2 cell differentiation by inducing T-bet expression in
responding CD4* T cells. In contrast, in early life and during a time window from d7 to d20
after birth, the CD11b*mDCs fail to up-regulate T-bet in response to low doses of LPS, due
to impaired production of TNFa.; which prevents optimal 1L-12 production and subsequent
Th2 cell inhibition despite the presence of LPS.
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DISCUSSION.

Previous studies in mice have shown that during a time window from d7 to d20 after birth,
the immune system is prone to allergic sensitization and Th2-driven allergic responses (de
Kleer et al., 2016; Gollwitzer et al., 2014; Steer et al., 2017), suggesting that there is a
“window of opportunity” in the postnatal period which influences the immune responses to
allergens. Comparative immunological evaluations have demonstrated that the immunity in
mice at 7 days is comparable to term human neonates, whereas mice <20 days old resemble
infants (Siegrist, 2001). Thus, 1 to 3-wk-old mice yielded observations very similar to those
of human neonates (0-2 months-old) and infants (under 1-2 years) (Siegrist, 2001). In
correlation with animal studies, primary allergen sensitizations to environmental Ags
gradually develop and peak in children at 2-3 years of age (Holt, 1996) and are associated
with later development of asthma and allergic disease (Lodge et al., 2011). Therefore, both
in human and mice there is a susceptibility window for inhalant allergen sensitization that
covers the neonatal and infancy periods. Several studies in mice have evaluated this
propensity to develop allergic sensitization during infancy (de Kleer et al., 2016; Steer et al.,
2017). However, the understanding of the allergic sensitization process in the context of
exposure to environmental endotoxin during infancy is still not clear. Previous studies show
that LPS exposure prevents the development of allergic-Th2 cell responses (Daan de Boer et
al., 2013; Gereda et al., 2000; Schuijs et al., 2015; Stein et al., 2016; Zhu et al., 2010). Our
data demonstrated, however, that adults and infants respond to LPS with different thresholds.
As a result, while relative low-dose LPS exposure normally prevents adults from developing
allergic Th2 cell responses, infant mice require a relatively high-LPS environment to achieve
the same prophylactic effect. The inability of low-LPS exposure to prevent Th2 cell
differentiation in infants was attributed to the inability of responding infant CD4* T cells to
up-regulate T-bet, which we found was required to prevent Th2 cell development to HDM.
Impaired T-bet expression, however, was not due to an intrinsic defect in the infant CD4* T
cells. Instead, we found that CD11b*mDCs from HDM+LPS!© sensitized infants poorly
produce 1L-12, thereby preventing IL-12-dependent T-bet up-regulation in responding CD4*
T cells. Mechanistically, we demonstrated that T-bet up-regulation in CD11b*mDCs is
required for normal I1L-12 production. However, while adult CD11b*mDCs normally up-
regulate T-bet following HDM+LPS!® sensitization, infant CD11b*mDCs failed to express
T-bet, which prevents CD11b™mDCs from secreting IL-12. Thus, the differential capacity to
up-regulate T-bet in infant and adult CD11b*mDCs provides the underlying mechanism for
how LPS prevents allergic-Th2 cell responses in adults and infants with different thresholds.
Our data indicate that in addition of controlling important fate decisions in T cells (Szabo et
al., 2000; Zhu et al., 2012), T-bet also critically regulates DC activity.

Importantly, our data show that T-bet up-regulation in CD11b*mDCs does not require direct
recognition of LPS but instead it requires LPS-induced TNFa production and TNFa-TNFR-
triggered signaling in CD11b*mDCs. Our data further show the requirement for a crosstalk
between TLR4™ accessory hematopoietic cells producing TNFa and TNFR*CD11b*mDCs.
Whereas adult hematopoietic cells produce large amounts of TNFa in response to HDM
+LPS sensitization, infants have impaired TNFa production, which prevents TNFa-TNFR
signaling and T-bet up-regulation in CD11b*mDCs. Therefore, the capacity of LPS to
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prevent allergic-Th2 cell responses relies in the capacity to induce increased amounts of
TNF-a. Our data evidence a largely unexplored role of TNFa in mediating /7 vivo DC
activation, in addition to its well-defined role in apoptosis and inflammation. In this way,
TNFa act as a rheostat that can tune the activation of CD11b*mDCs and the subsequent
balance of the T cell responses to inhaled Ags. Importantly, the regulatory activity of this
rheostat is modulated by age.

Previous studies suggest that CD4* T cells primed by CD103*mDCs preferentially
differentiate into Th1 cells, while CD11b*mDCs promote Th2 cell differentiation (Conejero
etal., 2017; Gao et al., 2013; Kumamoto et al., 2013; Leon, 2017; Plantinga et al., 2013). As
such, CD103*mDCs produce 1L-12p40 following HDM sensitization, thereby preventing
Th2 cell differentiation (Conejero et al., 2017). Here, we found that LPS prevented Th2 cell
differentiation in HDM-sensitized mice by an IL-12 dependent mechanism. We found,
however, that CD103*mDCs are quickly depleted from the lung after HDM+LPS
sensitization, possibly due to increased LPS-driven epithelial damage (Sung et al., 2006). In
contrast, the number of CD11b*mDCs and their capacity to secrete IL-12 dramatically
increases following HDM+LPS sensitization, thereby becoming the dominant IL-12* DC
subset in the mLN. In addition, CD11b*mDCs are the principal DC subset that capture and
transport HDM-derived Ags from the lung into the mLN. Thus, given that the numbers of
IL-12*CD11b*mDCs largely increase in HDM+LPS sensitized adult mice and that IL-12
prevents Th2 cell differentiation, we conclude that IL-12*CD11b*mDCs, and not CD103*
mDCs, are the main drivers preventing allergic Th2 cell responses in adult HDM+LPS-
sensitized mice. Supporting this conclusion, LPS normally prevented Th2 cell differentiation
in Batf3!~ mice despite the absence of CD103*mDCs. In contrast, LPS failed to suppress
allergic-Th2 cell responses when CD11b*mDCs were unable to normally produce 1L-12,
such in /tgax®RE Tbx21™1 or infant mice. Collectively, our results demonstrate that CD11b
*mDCs have the ability to either promote or prevent Th2 cell responses depending on the
amount of LPS. Therefore, the relative contribution of CD11b* and CD103*mDCs to the
development of allergic-Th2 cell responses is more complex than initially expected, as is
highly influenced by the environmental amount of microbial products rather than being
predetermined by the their intrinsic nature alone. Importantly, our data show that whereas
IL-12 production by CD11b™mDCs required the up-regulation of T-bet, IL-12 production by
CD103*mDCs is T-bet independent. However, the molecular mechanisms by which T-bet is
only required in CD11b*mDCs is unclear. Various transcription factors, including IRF
family members, have been implicated in the regulation of IL-12 production by DC subsets
(Gao et al., 2013; Takaoka et al., 2005; Taki et al., 1997; Williams et al., 2013). Here, we
found no differences in the expression of IRF1 or IRF5 between CD103* and CD11b*mDCs
from infant and adults. Importantly, the transcription factor IRF4 is highly expressed in
CD11b™* but not in CD103*mDCs and essentially contributes to the differentiation and
function of CD11b™mDCs. For example, IRF4 drives CD11b*mDCs to promote Th2 cell
differentiation (Gao et al., 2013; Kumamoto et al., 2013; Williams et al., 2013), inhibits the
capacity of DCs and macrophages to produce IL-12 (Akbari et al., 2014; Honma et al.,
2005) and competes with IRF5 to inhibit IRF5-dependent up-regulation of pro-inflammatory
cytokines, such as 1L-12 and IL-6 (Negishi et al., 2005). These data suggest a role for IRF4
in the negative-feedback regulation of IL-12 production and since IRF4 is restricted to
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CD11b*mDCs, IRF4 may selectively control 1L-12 gene regulation specifically in CD11b
*mDCs. Therefore one could speculate that T-bet up-regulation, specifically in CD11b
*mDCs is important to overcome the suppressive function of IRF4 in IL-12 production.

In summary, our comparative analysis between adult and neonatal-infant mice offers
mechanistic insights into how priming of allergen-specific Th2 cell responses are
differentially regulated during childhood and adulthood, suggests a perspective for the
biological mechanism underlying the hygiene hypothesis and provides a plausible
mechanism to explain higher susceptibility to allergic airway inflammation observed in
children.

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to, and will
be fulfilled by, the Lead Contact, Beatriz Leon. (bleon@uab.edu).

Experimental Model and Subject Details

Mice.

The mouse strains used in these experiments include: C57BL/6J (B6), B6.SIL-Ptorc? Pepcll
BoyJ (CD45.1* B6 congenic), C57BL/6-Tg(TcraTcrb)425Chn/J (OTI1), B6.129-114tM1Lky/
(B6.4get IL-4 reporter mice), B6.129S(C)-Batf3tMiKmm;y (Bafr /), B6.129-Thx21tm2Smry)
(Thx21™ C57BI/6J-Tg(ltgax-cre,-EGFP)4097Ach/J (/tgax-cre,-EGFP), B6.129S6-
Tox21'm1GImyy (Thx217!7), B6(CQ)- Tir4'm1-2Karm)) ( Tir47!-), B6.129S7- /111t imx)
(//1r1717), B6.129S-Tnfrsf1ammX TnfrsflbtmmX/y ( 7rfr1~~Tnfr27") B6.FVB-Tg(Itgax-
DTR/EGFP)>’La"] (/tgax-DTR,-EGFP) and C57BL/6 T-bet-ZsGreen reporter (TBGR).
B6.4get mice were originally obtained from Dr. M. Mohrs (Trudeau Institute). TBGR mice
were developed and kindly provided by Dr. J. Zhu (NIAID, NIH). All other mice were
originally obtained from Jackson Laboratory and were bred and housed in the University of
Alabama at Birmingham animal facility under specific pathogen—free conditions.
Experiments were equally performed with male and female mice. The University of
Alabama at Birmingham Institutional Animal Care and Use Committee approved all
procedures involving animals.

Method Details

Immunizations.

HDM (Dermatophagoides pteronyssinus and D. farinae) extracts were obtained from Greer
laboratories (<12 EU/mg endotoxin). Mice were administered (i.n. or i.t.) with 50ug of
HDM extract +/—- 5ug of LPS-free EndoFit OVA (InvivoGen) +/- LPS from Escherichia coli
0111:B4 (Sigma-Aldrich) +/- 150 ng of recombinant IL-12 (PeproTech) +/- 10-30 ng of
recombinant TNFa (R&D Systems) daily for 1-3 days and challenged (i.n.) with 50ug of
HDM +/- 5ug of LPS-free EndoFit OVA. i.n. and i.t. administrations were given in 50ul of
PBS for adults and 18-20d-old infant mice and in 10ul of PBS for 7d-old, 10d-old and 14d-
old infant mice. In some experiments, mice were intraperitoneally administered (i.p.) with
250pg of anti-TNFa mAb (BioXCell) at the time of initial sensitization. To deplete CD11c*
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cells, /tgax-DTR BM chimeras were i.p. treated with 60 ng DT (Sigma-Aldrich) on day 3
after sensitization. In some experiments HDM extract was labeled with AF647 labeling kit
(Invitrogen) prior to administration to mice.

BM chimeras.

Recipient mice were irradiated with 950 Rads from a high-energy X-rays source delivered in
a split dose and reconstituted with 107 total BM cells. Mice were allowed to reconstitute for
at least 8-12 weeks before HDM treatment.

Cell preparation and flow cytometry.

Lungs were isolated, cut into small fragments and digested for 45 min at 37°C with 0.6
mg/ml collagenase A (Sigma) and 30 ug/ml DNAse | (Sigma) in RPMI-1640 medium
(GIBCO). Digested lungs, mLN or spleens were mechanically disrupted by passage through
a wire mesh. Red blood cells were lysed with 150 mM NH,4CI, 10 mM KHCO3 and 0.1 mM
EDTA. Fc receptors were blocked with anti-mouse CD16/32 (5 ug/ml; BioXCell5), followed
by staining with fluorochrome-conjugated Ab. Fluorochrome-labeled anti-B220 (RA3-6B2),
anti-CD4 (GK1.5), anti-CD11b (M1/70), anti-CD11c (HL3), anti-CD44 (IM7), anti-CD45.1
(A20), anti-CD45.2 (104), anti-CD69 (H1-2F3), anti-CD86 (GL1), anti-CD103 (M290),
anti- CD138 (281-2), anti-IgE (R35-72y), anti-Ly6c (AL-21), anti-Siglec-F (E50-2440) and
anti-Siglec-H (440c) were from BD Biosciences. Fluorochrome-labeled anti-CD64
(X54-5/7.1) and anti-MHC class 11 (M5/114.15.2) were from Biolegend.

For intracellular cytokine staining of T cells, cell suspensions were stimulated with PMA (20
ng/ml) plus Calcimycin (1ug/ml) in the presence of Brefeldin-A (BFA, 10 ug/ml) for 4h.
Restimulated cells were surface stained, fixed in 4% paraformaldehyde, permeabilized with
0.1% saponin, and stained with Abs against IL-13 (13A; eBiosciences), IFNy (XMG1.2;
BD-Biosciences) and IL-5 (TRFKS5; BioLegend). For cytokine staining of DCs, cell
suspensions were surface stained, fixed, permeabilized, and stained with anti-IL-12 (C15.6;
BD-Biosciences). For TNFa staining, lung cell suspensions were incubated in the presence
of BFA for 4h, fixed, permeabilized, and stained with anti-TNFa (MP6-XT22; BD-
Biosciences). T-bet, GATA-3, Foxp3, IRFs, c-Rel, P-c-Jun and IkB( intracellular staining
was performed using the Mouse regulatory T cell staining kit (eBioscience) and Abs against
T-bet (4B10; biolegend), GATA-3 (TWAJ; eBioscience), Foxp3 (.FJK-16s; eBioscience),
IRF1 (ab216114; Abcam), IRF4 (IRF4.3E4; BioLegend), IRF5 (ab212239; Abcam), c-Rel
(sc-6955; Santa Cruz), P-c-Jun (D47G9; Cell Signaling Technology) and IkBC (LK2NAP;
eBioscience). Flow cytometry was performed on Attune NxT and FACSCanto Il (BD-
Biosciences) instruments.

Cell purifications, cell transfers and in vitro cultures.

CD4* T cells were isolated by MACs (Miltenyi Biotec) from the spleens of naive OTII mice.
CD11c* cells were isolated by MACs from pooled lungs or mLN of day 3 HDM+/-OVA+/
—LPS-treated mice. All T and CD11c* cell preparations were more than 95% pure. HDM+/
—LPS sensitization greatly reduced the proportion of CD11c* alveolar macrophages in the
lungs (data not shown) and purification of CD11c* cells from the lungs of sensitized mice
resulted in more than 80-90% enrichment of CD11c* Siglec-F~ MHCM lung DCs.
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Equivalent numbers (25 x 103) of naive OTII cells were transferred (i.v.) into naive congenic
recipients. Equivalent numbers (1 x 108) of CD11c* lung cells were transferred (i.n.) into
naive congenic infant recipients daily for 3 days. For /n vitro cultures, OTII cells were
labeled for 10 min at 37°C with CellTrace™ CFSE (ThermoFisher). 2x10% DCs and 1x10°
CFSE-labeled OTII cells were cultured in 200 pl of complete medium in round-bottomed
96-well plates for 72 h at 37°C. Complete medium included RPMI 1640 supplemented with
sodium pyruvate, HEPES, non-essential amino acids, penicillin, streptomycin, 2-
mercaptoethanol and 10% heat-inactivated FBS from Fisher Scientific.

BAL collection and measurement of cytokines.

BAL was collected using 0.5-1 ml sterilized PBS per mouse. The BAL fluids were
centrifuged at 5,000ig for 10 min and the supernatants were frozen at — 80°C. Cytokine
measurements were performed using ProcartaPlex assay (Life Technologies) and Luminex
XMAP technology as per manufacturer's instructions.

Lung histology.

The lungs were fixed in buffered formalin (10%). Microtome sections of paraffin-embedded
lungs were stained with periodic acid-Schiff (PAS) for visualization of goblet cells.

Pulmonary function assessment.

To measure airway responsiveness, mice on day 5 post-challenge were mechanically
ventilated and challenged with increasing concentrations of methacholine, as described
previously (Song et al., 2011). Briefly, mice were anesthetized, intubated, connected to a
ventilator (FlexiVent; SCIREQ, Montreal, PQ, Canada), and ventilated at a rate of 160
breaths per minute. Airway responsiveness was recorded at baseline and after a linear dose
response with methacholine challenge (10-75 mg/ml; Sigma-Aldrich). Data were
normalized to basal airway resistance and expressed as changes induced by methacholine.
To measure arterial O, saturation (SpO2), the MouseOx™ Pulse-oximeter (Starr Life
Sciences, Oakmont PA) was used on conscious mice 5 days-post-challenged, in accordance
with manufacturer's instructions. Mice were shaved and the pulse-oximeter collar was placed
behind the ears. To ensure accurate measurement, SpO2 data points were excluded from
analysis if received an error code during measurement.

RNA-sequencing (RNA-seq).

mCD11b*DCs (B220~CD64-CD103~ CD11c*MHCINMNCD11b*) from adult (7wks-old) and
infant (2-3wks-old) mice were sorted from the mLN 24h after HDM+LPS sensitization
using a FACSAria (BD Biosciences) after positive selection with anti-CD11c MACS beads
(Miltenyi Biotec). RNA was isolated from the sorted cells using the RNeasy Plus Micro
RNA purification kit (QIAGEN). Three or four replicates from three or four independent
experiments for each condition were analyzed with RNA-seq. Library preparation and RNA
sequencing was conducted through Genewiz. Libraries were sequenced using a 1A~ 50-bp
single end rapid run on the HiSeq2500 platform. Sequence reads were trimmed to remove
possible adaptor sequences and nucleotides with poor quality (error rate < 0.05) at the end.
After trimming, sequence reads shorter than 30 nucleotides were discarded. Remaining
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sequence reads were mapped to the Mus musculus mm10 reference genome using CLC
genomics workbench v. 9.0.1. Differential gene expression was determined using DESeq2.
Genes with an adjusted P value < 0.05 and an absolute log1.5-fold change (ratio +/-0.58)
were considered significantly differentially expressed genes between adult and infant
mCD11b*DCs.

GSEA, hierarchical clustering and visualization of RNA sequencing results.

GSEA was performed using the Molecular Signatures Database on the publically available
MIT BROAD Institute server. We ranked the 173 genes obtained from RNA sequencing
(Genewiz) according to a logarithmic transformation of each gene’s P-value multiplied by
the sign of the corresponding logarithmic fold change, and subsequently used these rank lists
to perform a gene set enrichment analysis (Broad Institute’s GSEA Java app, version 3.0).
Given gene sets can include both activated and repressed genes, we additionally performed
an extended enrichment assessment of all identified gene sets. Separately, we performed
hierarchical clustering analysis(Bar-Joseph et al., 2001; Eisen et al., 1998) of TNFa induced
genes that are differentially expressed in adult vs infant mice, using Matlab (version
R2017b). Differential clusters are presented in form of an annotated heatmap based on
standardized expression values, along with the resulting hierarchical clustering dendogram.

Quantification and Statistical Analysis.

All plots and histograms were plotted in FlowJo v.9 software (Treestar). GraphPad Prism
software (Version 7) was used for data and statistical analysis. Data were analyzed using the
unpaired Student’s ¢ftest. Values of < 0.05 were considered significant (*p < 0.05, **p <
0.01, ***p < 0.001).

Data and Software Availability

The accession number for the raw data files for the RNA-Seq analyses reported in this paper
is GEO GSE110046.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Infant mice require high doses of LPS to suppress Th2-driven allergic asthma to HDM T-
bet* lung CD11b*DCs inhibit Th2 cell development after HDM+LPS sensitization T-bet
expression on CD11b*DCs dependents on TNFa production and TNFR signaling.

Infants have impaired ability to induce TNFa and T-bet*CD11b*DCs in response to LPS
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Figure 1. LPSI° sensitization in infants does not prevent HDM-induced Th2 cell priming and
development of lung Th2 cell responses in adult life.

(A-1) B6.4get (A-C) or B6 (D-1) adults (>8wk-old) and infants (18d-old) were i.n treated
with 50ug HDM plus different concentrations of LPS for 3 days. On day 20, mice were i.n
challenged with 50pug HDM daily for 3 days and analyzed on day 25 (A). Frequencies and
numbers of IL-4* (EGFP*) (B-C), IL-13" and IFNy* (D-E) CD4" T cells in the lungs.
Numbers of eosinophils, neutrophils and monocytes in the lungs (F). Numbers of IgE* ACS
in the mLN (G). Changes in lung resistance (cm H,O/ml/s) from baseline analyzed via
mechanical ventilation using flexiVent system (H). Blood oxygen saturation (SpO2)
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determined by pulse-oximetry (I). (J-M) B6.4get adults and 18d-old infants were i.n treated
with 50ug HDM+/-5ug LPS for 3 days and analyzed on day 6 (J). Frequencies (K-L) and
numbers (M) of EGFP*CD4* T cells in the mLN. (N-U) Adult B6 mice were adoptively
transferred with 25x103 CD45.1* OTI1.4get cells from adult or infant donor mice (N-Q) or
adult and 18d-old infant B6 mice were adoptively transferred with 25x103 CD45.1* OTII.
4get cells from naive adult donor mice (R-U). Recipients were i.n treated with 50pg HDM
+51g OVA+/-5ug LPS for 3 days and analyzed on day 6. Frequencies (O-P, S-T) and
numbers (Q,U) of donor EGFP*OTII T cells in the mLN. *P< 0.05 **P< 0.01 ***P <
0.001 (unpaired Student’s ftest). Data are representative of at least two independent
experiments (mean and S.D. of 4-5 mice per group). Please also see Figure S1 and S2.
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Figure 2. T-bet induction by responding T cells is required to suppress endogenous Th2 cell
differentiation program.

(A-C) Adult and 18d-old infant B6 mice were transferred with 25x103 CD45.1* OTII.4get
cells at day 0, i.n treated with 50pg HDM+5pg OVA+/-5ug LPS for 3 days starting on day 1
and analyzed on days 4,5 and 6. Frequencies of EGFP* cells (B) and MFI of T-bet
expression (C) in donor mLN OTII cells. (D-1) Adult CD45.1*B6 mice were co-transferred
with 15x103 CD45.1*CD45.2*OTI1.4get + 15x103 CD45.2* Thx21~/~ OTII.4get cells and
treated as above described (D). Frequencies of donor EGFP* WT and 76x277~ OTII cells in
the mLN at day 6 (E-F). On day 10, recipients were i.n challenged with 50pg HDM+5pg
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OVA for 3 days and analyzed on day 15 (G). Frequencies of donor IL-13* WT and 76x217~
OTIlI cells in the lungs (H-1). (J-M) Day 3 CD11c* mLN DCs from HDM+OVA+/-LPS-
treated adults and 18d-old infants were co-cultured for 3 days with CFSE-labeled OTII cells
(J). Frequencies of CFSE!?OTII cells (K), representative overlaid histogram of T-bet
expression (L) and MFI of T-bet expression (M) in CFSE'°OTII cells. *£< 0.05 **P< 0.01
***P < 0.001 (unpaired Student’s #test). Data are representative of three independent
experiments (mean and S.D. of 4 mice per group). Please also see Figure S3.
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Figure 3. Infant CD11b*mDCs fail to up-regulate T-bet expression in response to Lpslo
sensitization.

(A-D) T-bet-ZsGreen reporter adults and 18d-old infants were i.n treated with HDM+/-5g
LPS. Frequencies of T-bet-expressing (ZsG*) CD11b*mDCs (A,C) and CD103*mDCs
(B,D). (E-J) B6 adult and 18d-old infant mice were i.n treated with HDM+5pg LPS.
Frequencies of T-bet expression at 72h (E-F) and kinetics of IRF4 (G), IRF1 (H), IFR5 (1)
and T-bet (J) expression in mLN CD11b* and CD103* mDCs. ***P < 0.001 (unpaired
Student’s ttest). Data are representative of at least two independent experiments (mean and
S.D. of 3-4 mice per group).

Immunity. Author manuscript; available in PMC 2020 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bachus et al.

Page 27

+Adult DCs +Adult DC: +InfantDCs +Infant DCs +Thx21- DC
B ToLRe>es [P DCs fRIgRLDCs finfant DCs 1 7gx s C

w | E3 A R
;
2

A Sensitization
HDM+9VA+/ LPS(i.n.)

[}

DO D3 5
3??% 0o y72n 3

3

o

=

A(fjuIl 86 LNCD11c* N
Infant B6 ¢'_Naive
Thx217 DCs OTll cells

from
E Sensitization 6\5\ o N
HDM+OVA  Challenge o ‘OA‘ 02120 4 % '(“*
+/-LPS(i.n.) HDM+OVA(i.n. 10 10
OTllcells | 'g(g )D oy, ) camas > o ltgax HOM
(CD451) ays! ays ligax>e HDM+LPS
> > »D15 m jigax>-Tbx21" HDM
e o re_ 17
tgaxee-Tox 217 G nr Itgax,C_ Thx21" HDM+LPS
o~ [ )
F Itgaxe Donor ltgaxere-Tbx21"" Donor & &
Lungday 15 OTil cells Lungday 15 OTll cells o410 % -
£8
£°
1= 5
-LPS 39 , T t e
H 15
23
Sx
5319
+LPS <4 » 2 !_ }
£Q
=5
\ L A SE
010 10' 10 10° 010 10’ 10 10 010 10° 10 10 010° 10' 10 10° 0o = ; 'I"‘I'
cD4 IL-13 CD4 IL-13 13 PNy
|
Sensitization HDM+OVA+/-LPS(i.n.)
OTllcells DS Y o itgax® HDM " jigax>-Tbx21" HDM
(CD45.1)98p L5 _y b6 Itgax=e HDM+LPS O lgax*e-Tbx21" HDM+LPS
Ko ns L«
J ltgax ftgax-Tbx21" 880 L a1 ) e ms
Donor Donor 2

&) | 9o = B s

-LPS

S, a2
LR day 6 _oficals  LNdaye oicels  $ulep | g S5/ '—{
. i 5 21 4
0

J0 35 =
43.8"/ 38.8"/ =2 0 =~ 0
0.8 198 M 207 =
g |/—I—
o 3 315 ! ns
= 1
16.0% 8 : 48.7% E : i‘ ;%
RI l | w4 B
010 10 10 10 010 10’ 10' 10 010 10 10 10° = 04
IL-4-EGFP cD4 IL-4-EGFP
N CD4'Tcells LNday5 p
+PBS  +Adult DCs +Adult DCs + Infant DCs + Tbx21” DCs
no LP | PS LPS LPS

Sensitization Sensitization
i.n.)

(0]
S
HDM DCs (i.n. a00
+-LPS(in.) LA i
o D3 Days0 12 2o M| AN\ N1A8% W \1237%0 |1%0%
VAR +/_ D5 30
Adult B 'i‘% S N “

6 Infant 4get 0 b
Infant B6 Lung CD11c* 010 10 10 10 CD69

Tbx21" DCs

v

6l |

iy

+DCs —¢— o
fom: 1\

Figure 4. T-bet expression by DCs is required to prevent allergen-specific Th2 cell responses
upon LPS!® exposure.

(A-D) Day 3 CD11c* mLN DCs from HDM+QOVA+/-LPS-treated adult and 18d-old infant
B6 mice or 74x217/~ mice were co-cultured for 3 days with CFSE-labeled OTII cells (A).
Frequencies of CFSE!?OTII cells (B), frequencies of T-bet and GATA-3 expression (B) and
MFI of T-bet (C) and GATA-3 (D) expression in CFSE!°OTII cells. (E-H) /tgaxc'e- Tox2171
and control mice were transferred with CD45.1* OTI1.4get cells and i.n treated with HDM
+0OVA+/-5ug LPS. On day 10, mice were i.n challenged with HDM+OVA and analyzed on
day 15 (E). Frequencies of donor OTII cells (F) and frequencies (F-G) and numbers (H) of
IL-13" and IFNy* OTII cells from the lungs. ('"M) Mice sensitized as above described were
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analyzed at day 6 (I). Frequencies of donor OTII cells (J) and frequencies (J-K) and
numbers (L) of EGFP* cells and MFI of T-bet expression (M) in donor OTII cells from the
mLN. (N-P) Day 3 CD11c* lung mDCs from HDM+OVA+/-LPS-treated adult and 18d-old
infant B6 mice or 76x21~/~ mice were i.n. transferred into B6.4get infant mice on days 0,1
and 2. Recipient mice were analyzed on day 5 (N). Frequencies (O) and numbers (P) of
EGFP* cells in CD69*CD4* T cells from the mLN. **P < 0.01 ***P< 0.001 (unpaired
Student’s ttest). Data are representative of three independent experiments (mean and S.D. of
4-6 mice per group). Please also see Figure S4.
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Figure 5. Infant and Tbx21~/~ CD11b*mDCs are intrinsically impaired in their ability to
produce IL-12 and to prevent allergen-specific Th2 cell responses upon Lpslo exposure.

(A-C) B6 (CD45.1*) mice were irradiated and reconstituted with 1:1 mixture of BM from
B6 (CD45.1%) and 7bx217~ (CD45.2*) donors (A). Numbers of I1L-12p70* WT and
Tbx217!~ CD11b*mDCs (B) and CD103*mDCs (C) in the mLN of HDM+/-LPS-treated
reconstituted chimeric mice. (D-E) Frequencies (D) and numbers (E) of 1L-12p70* CD11b
*mDCs in the mLN of HDM+/-LPS-treated adult and 18d-old infant B6 mice. (F-1) Adult
and 18d-old infant B6 mice or /tgax°’e- Thx21™" mice were transferred with CD45.1* OTII.
4get cells and i.n treated with HDM+OVA+/-LPS+/-150ng rIL-12p70 for 3 days.
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Frequencies of T-bet expression (F,H) and EGFP™ cells (G,1) in donor OTII cells from mLN
on day 6. *P< 0.05 ***P< (0.001 (unpaired Student’s ftest). Data are representative of two
independent experiments (mean and S.D. of 3-6 mice per group). Please also see Figure S5.
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Figure 6. TNFa signaling is required to up-regulate T-bet in mCD11b*DCs and to prevent

allergen-specific Th2 cell responses.

(A-B) B6 (CD45.1%) mice were irradiated and reconstituted with 1:1 mixture of BM from
B6 (CD45.1*) and 7/r47/~ (CD45.2*) donors or from B6 (CD45.1%) and //1r17~ (CD45.2%)
donors. Frequencies of T-bet* WT, 7/r4/~ and //1r17'~ CD11b*mDCs in the mLN of HDM
+/-LPS-treated reconstituted chimeric mice on day 2. (C) mLN CD11b*mDCs from B6
adults and 18d-old infants were sorted 24h after i.n. HDM+5pg LPS and RNA-seq was
performed. NES and number of down-regulated genes in infant CD11b*mDCs for each of

the top ten hallmark signaling pathways resulting from

GSEA (Broad institute) analysis
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(adjusted P value < 0.05, log2-fold > 0.58). (D-E) B6 adults and 18d-old infants were i.n
treated with HDM+/-5ug LPS or HDM+/-30ug TNF. Some mice also receive 250ug anti-
TNFa (i.p.). Expression c-Rel, IKBz and P-c-Jun in mLN CD11b*mDCs on day 1. (F-1)
CD45.1* mice were irradiated and reconstituted with 1:1 BM from B6 (CD45.1%) and
Tnfri&2'~ (CD45.2*) donors (F,H) or from B6 (CD45.1%) and 7/r47/~ (CD45.2*) donors
(G,1). Frequencies of T-bet* WT, Tnfri&2'~ (FH) and T/r47~ (G,1) CD11b*mDCs in the
mLN of HDM+/-LPS+/-anti-TNFa-treated reconstituted mice on day 2. (J-M) Irradiated
B6 mice were reconstituted with 80:20 BM mix of /fgax-DTR and B6 donors (DC-WT
chimeras) or /tgax-DTR and Tnfr1&2'~ donors (DC-TNFR1&2 chimeras) (J). Chimeras
were transferred with CD45.1*CD45.2* OTll.4get cells, i.n treated with HDM+OVA+/-5)g
LPS and i.p. treated with 60 ng DT (K). Frequencies of mLN donor EGFP*OTII cells on
day 6 (L-M). *P< 0.05 **P< 0.01 ***P< 0.001 (unpaired Student’s ftest). Data are
representative of two independent experiments (mean and S.D. of 3-7 mice per group).
Please also see Figure S6 and Tables S1-3.
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Figure 7. Defective TNFa signaling prevents T-bet up-regulation in mCD11b*DCs from infants
and contributes toward the development of allergen-specific Th2 cell responses.

(A) Cytokines in BAL of day 1 HDM+/-LPS-treated B6 adults and 18d-old infants. (B-C)
T-bet-ZsGreen reporter adults and 18d-old infants were i.n treated with HDM-/-5ug LPS+/
-10ng or 30ng TNFa. Frequencies of ZsG* mLN CD11b* mDCs on day2. (D-E) B6 adults
and 18d-old infants were i.n treated with HDM+/-5ug LPS+/-30ng TNFa. Frequencies of
IL-12p70* mLN CD11b*mDCs on day3. (F-G) B6 adults and 18d-old infants were
transferred with CD45.1* OTl.4get cells and i.n treated with HDM+QOVA+/-5ug LPS. PBS
or 30ng TNFa were co-administered on day 1. Frequencies of mLN EGFP* donor OTII
cells on day 6 (F-G). (H-L) B6 adults and 18d-old infants were i.n treated with HDM+/-5ug
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LPS+/-30ug TNFa. Some adults also received 250ug anti-TNFa (i.p.). On day 20, mice
were i.n challenged with HDM and analyzed on day 25. Frequencies (H) and numbers (1) of
IL-13*, IL-13-IL-5" and IFNy* CD4™" T cells in the lungs. Numbers of lung eosinophils,
neutrophils and monocytes (J). Numbers of mLN IgE* ACS (K). SpO2 as determined by
pulse-oximetry (L). (M-P) B6 (WT) and 7/r4 '~ recipient mice were lethally irradiated and
reconstituted with WT and 774/~ BM. Chimeras were i.n treated with HDM+/-5ug LPS.
Frequency of lung TNFa™* cells at 24h (M-N) and frequency of T-bet expression in mLN
CD11b*mDCs at 72h (O-P). (Q-R) 1: 1 B6 (CD45.1*): T/r4 - (CD45.2*) and 1:1 B6
(CD45.1*)://1r17~ (CD45.2*) mixed BM chimeras were i.n treated with HDM+/-5pg LPS.
TNFa expression 24h later in lung suspensions (Q). Frequencies of WT (CD45.1%) and KO
(CD45.2%) cells within the TNFa* and TNFa~ gates (R). **P< 0.01 ***P < 0.001
(unpaired Student’s ftest). Data are representative of two independent experiments (mean
and S.D. of 3-5 mice per group). Please also see Figure S7.
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