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Introduction

Tregs are important components of the adaptive immune system
that promote tolerance, prevent the development of autoimmune
diseases, and suppress inflammation (1, 2). Tregs are character-
ized by their expression of the canonical transcription factor Fork-
head box p3 (Foxp3), which is essential for their development and
function (3, 4). Mutations in Foxp3 are associated with Treg defi-
ciency and have been linked to systemic autoimmunity and aller-
gic disease (5-8). Thymically derived Tregs (tTregs) develop in the
thymus and are released as functional Tregs, whereas peripheral
or inducible Tregs (iTregs) develop extrathymically from CD4*
naive T cells in the presence of antigen and TGF-f (9).

Allergy and asthma affect over 300 million people globally
and cause substantial morbidity and mortality, revealing the need
for new therapeutics (10, 11). Tregs are present in the lungs during
type 2 inflammation and are critical for the suppression of allergic
inflammation (12-15). In this setting, Tregs express GATA-bind-
ing protein 3 (GATA3) and interferon regulatory factor 4 (IRF4)
in order to specifically suppress Th2 effector cells (16-18). Recent
studies demonstrated that a subset of lung Tregs may undergo
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Tregs restrain both the innate and adaptive immune systems to maintain homeostasis. Allergic airway inflammation,
characterized by a Th2 response that results from a breakdown of tolerance to innocuous environmental antigens, is
negatively regulated by Tregs. We previously reported that prostaglandin I, (PGL,) promoted immune tolerance in models of
allergic inflammation; however, the effect of PGI, on Treg function was not investigated. Tregs from mice deficient in the PGI,
receptor IP (IP KO) had impaired suppressive capabilities during allergic airway inflammatory responses compared with mice
in which PG, signaling was intact. IP KO Tregs had significantly enhanced expression of immunoglobulin-like transcript 3
(ILT3) compared with WT Tregs, which may contribute to the impairment of the IP KO Treg’s ability to suppress Th2 responses.
Using fate-mapping mice, we reported that PGI, signaling prevents Treg reprogramming toward a pathogenic phenotype. PGI,
analogs promoted the differentiation of naive T cells to Tregs in both mice and humans via repression of f-catenin signaling.
Finally, a missense variant in IP in humans was strongly associated with chronic obstructive asthma. Together, these data
support that PGI, signaling licenses Treg suppressive function and that PGI, is a therapeutic target for enhancing Treg function.

pathogenic reprogramming during allergic inflammation and
asthma as a result of increased expression of GATA3 and activa-
tion of the Wnt and Hippo pathways (19, 20). These Tregs subse-
quently lose Foxp3 expression and begin to express type 2 inflam-
matory cytokines, thus promoting disease (19, 20). Furthermore,
a subset of Tregs that express immunoglobulin-like transcript 3
(ILT3) have been described (21, 22). ILT3 is a potent inhibitory
receptor and has been shown to induce anergy in T cells (23).
ILT3* Tregs are unable to inhibit Th2 responses as a result of their
inability to control the maturation of IRF4 and programmed cell
death 1 ligand 2 (PD-L2) double-positive (IRF4*PD-L2*) DCs, a
Th2-promoting subset (21, 22). In our study, we investigated the
impact of the prostaglandin I, (PGIL,) signaling pathway on ILT3
expression and Treg stability in vivo. The knowledge described
here may have therapeutic importance in enhancing Treg func-
tion and promoting immune tolerance.

PGI, is an arachidonic acid metabolite produced through the
cyclooxygenase pathway that signals through a G protein-coupled
receptor, termed IP (24-26). We and others have reported that mice
genetically deficient in the PGI, receptor IP (IP KO) have enhanced
allergic airway inflammation (27-31). Moreover, IP KO mice had a
defect in immune tolerance in an airway allergen-challenge model,
revealing that PGI, receptor signaling is essential for immune tol-
erance in this system (32). These results strongly suggested that (a)
endogenous PGI, signaling is an essential component of immuno-
logic tolerance in the setting of allergic inflammation and (b) PGI,
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may be a therapeutic strategy for enhancing or restoring immune
tolerance (32-34). Based on our previous finding that PGI, signal-
ing is essential for immune tolerance and that Tregs are a critical
component of immune tolerance, we hypothesized that PGI, sig-
naling promotes Treg function. Herein, we show that PGI, signal-
ing enhanced Foxp3 expression in Tregs from mice, promoted Treg
suppressive function in vivo in murine allergen-challenge models,
was critical for Treg stability, and inhibited ILT3 expression on
Tregs in vivo. Moreover, we show that PGI, signaling increased
human Treg differentiation in vitro via B-catenin. These studies
reveal that PGIL,, approved by the FDA for the treatment of pul-
monary hypertension, is an important pharmacologic agent that
enhances Treg function and differentiation, thus having potential
therapeutic implications for allergic airway inflammation.

Results

PGI, signaling critically promotes tTreg function in vivo in an airway
allergen-challenge model. Based on our previously published work
demonstrating that PGI, signaling promotes tolerance, we hypoth-
esized that PGI, signaling through IP promotes Treg function in
vivo. We and others have previously reported expression of IP by
CD4* T cells (29, 33-35). We sought to determine the approximate
stage during development at which T cells begin to express IP. We
found that only CD4 single-positive thymocytes express IP com-
pared with thymocytes at all other developmental stages (Sup-
plemental Figure 1; supplemental material available online with
this article; https://doi.org/10.1172/JCI1140690DS1). Next, we
began to test the aforementioned hypothesis, examining the sup-
pressive capacity of IP KO tTregs in an airway allergen-challenge
model. In our experiments, we utilized Foxp3* BALB/c report-
er mice that coexpress GFP and Foxp3 downstream of the Foxp3
promoter and that can be used to identify Tregs and assess Foxp3
expression. We crossed Foxp3ECfF mice with DO11.10* mice that
express a transgenic T cell receptor (TCR) specific for the ovalbu-
min (OVA) peptide. These crosses generated mice in which GFP*
Tregs expressed a TCR specific for OVA, the allergen used in the
adoptive transfer model. The presence of the OVA-specific TCR in
the setting of OVA challenge allowed the transferred Tregs to traf-
fic to the site of inflammation and respond in an antigen-specific
fashion. Our reasoning for using an OVA-based model was 2-fold:
numerous tools are available to transferred Tregs, and Tregs are
important for control of OVA-induced inflammation (36, 37). We
subsequently crossed the DOI1.10*xFoxp3®©f* onto an IP deficient
(IP KO) background in order to determine the impact of PGI, sig-
naling on the function of the OVA-specific adoptively transferred
Tregs. Therefore, we had mice that had OVA-specific CD4* cells
that expressed GFP under the control of the Foxp3 promoter on
either an IP-intact (DO11.10*xFoxp3t©*) or an IP KO (DOI1.10*x
Foxp3=¢**xIP KO) background. To examine the effect of PGI, sig-
naling on tTreg function during allergic airway inflammation, we
utilized RAG1-deficient (Ragl”") mice, which lack both T and B
cells, as recipient mice in an adoptive transfer model of allergic
airway inflammation. In order for the Ragl”~ mice to develop an
allergic response, it was necessary to adoptively transfer antigen-
specific effector CD4* T cells. In addition, some mice also
received adoptively transferred tTregs from either the IP-intact
or IP KO backgrounds of reporter mice described above to assess
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their suppressive function. Effector T cells (Teffs) were isolated
from DOI1.10* mice so the differences in suppression seen could
be attributable to differences in functionality between tTregs in
which IP signaling was intact (IP-intact tTregs) and IP KO tTregs.
The Ragl”~ recipients were then allergen challenged according
to the schematic in Figure 1A. Mice that received only adoptively
transferred Teffs and that were OVA challenged had significantly
more IL-13 in the bronchoalveolar lavage fluid (BAL) (Figure 1B)
in addition to significantly more KJ126*CD4'IL-13* OVA-specific
cells (Figure 1C) than mice that received only adoptively trans-
ferred Teffs and were not OVA challenged, signifying that OVA
challenge induced allergic inflammation. The gating strategy for
Figure 1is shown in Supplemental Figure 2. Total numbers of cells
were calculated using hemocytometer-based counts and popula-
tion percentages from set flow cytometry gates described in the
gating strategy. Mice that received only adoptively transferred
Teffs had significantly greater IL-13 in the BAL as well as lung
KJ126*CD4'IL-13* OVA-specific T cells compared with mice that
received adoptively transferred Teffs + IP-intact tTregs (Figure 1,
Band C). These data revealed that adoptively transferred tTregs in
which IP signaling is intact inhibited allergic inflammation. There
was no difference in IL-13 in the BAL or in KJ126*CD4*IL-13*
OVA-specific T cells between mice that received adoptively trans-
ferred Teffs + IP KO tTregs and mice that received only adoptively
transferred Teffs, revealing a suppressive defect in IP KO tTregs.
Importantly, there was a significant increase in these endpoints
compared with those in mice that received adoptively transferred
Teffs + IP-intact tTregs (Figure 1, B and C). These results signify
that tTregs from IP KO mice had a defect in suppressive function
compared with tTregs from mice in which PGI, signaling was
intact. Importantly, the total number of lung-infiltrating tTregs,
identified as OVA-specific KJ126*Foxp3E¢fP*CD25* cells, was not
different between mice that received adoptively transferred Teffs
+ IP-intact tTregs or IP KO tTregs (Figure 1D), demonstrating that
impaired trafficking was not the cause of the differences in in vivo
suppression between these groups. Taken together, these data
show that PGI, signaling in tTregs was critical for protection from
allergen challenge-induced inflammation.

PGI, signaling promotes tTreg Foxp3 expression. As lack of PGI,
signaling impairs tTreg suppression in an in vivo allergen-chal-
lenge model, we next hypothesized that IP KO tTregs had
impaired function in the absence of disease stimulus compared
with tTregs from WT mice (WT tTregs). To test this hypothesis,
we first assessed the level of Foxp3 expression in WT tTregs and
IP KO tTregs. Previous studies have shown that Foxp3 MFI in
Tregs correlated with suppressive capability (38, 39). We stained
total splenocytes from WT and IP KO mice for Foxp3. The gat-
ing strategy for Figure 2A is shown in Supplemental Figure 3. We
found that, while the percentage of tTregs among splenocytes
was unchanged, tTregs from IP KO mice consistently had a sig-
nificantly lower Foxp3 MFI than tTregs from WT mice, suggest-
ing the IP KO tTregs may be less functional (Figure 2, A and B,
and Supplemental Figure 4A). Moreover, IP KO tTregs produced
significantly less IL-10 than WT tTregs after 3 days of activation
on anti-CD3-and anti-CD28-coated plates (Figure 2C). Together,
these data show that PGI, signaling contributes to Foxp3 expres-
sion within tTregs and suggest that absence of PGI, signaling
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! Figure 1. PGI, signaling critically

promotes tTreg function in vivo in
an airway allergen-challenge model.
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alters tTreg functionality. Importantly, at baseline, there were no
differences in total numbers or percentages of Tregs between WT
or IP KO in either the lungs or spleen (Supplemental Figure 4, A
and B). In addition, there were no differences between WT and IP
KO Tregs utilizing an in vitro suppression assay (data not shown).
Further, there were no differences between WT and IP KO Tregs
with respect to levels of CD25 expression or expression of the Treg
markers CTLA4, ICOS, PD1, GITR, Helios, CD39, or CD73 (Sup-
plemental Figure 4C). These data would suggest that stress or an
inflammatory state is necessary for eliciting measurable function-
al differences between WT and IP KO Tregs.

PGI, signaling enhances iTreg function in vivo in the setting of aller-
gic airway inflammation. Based on our finding that PGI, signaling
promoted tTreg function in vivo, we next hypothesized that IP KO
iTregs are similarly less suppressive in vivo than iTregs in which IP
signaling is intact. To test this hypothesis, we utilized immunocom-
petent WT BALB/c recipient mice instead of Ragl”" mice to deter-
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mine whether adoptively transferred IP KO iTregs have suppres-
sive defects in a host with its own compartment of Tregs compared
with adoptively transferred iTregs in which IP signaling is intact.
The WT recipient mice were sensitized intraperitoneally with a
solution of OVA mixed with aluminum hydroxide (alum) and later
challenged with nebulized OVA to trigger allergic airway inflamma-
tion. Naive CD4* T cells from DO11.10*xFoxp3*¢** and DO11.10*x
Foxp3ES™xIP KO mice were isolated and cultured on anti-CD3-
coated plates with IL-2 and TGF-p to polarize them to iTregs pri-
or to transfer. WT recipient mice were challenged with nebulized
OVA according to the schematic detailed in Figure 3A. OVA-sensi-
tized and -challenged WT mice (OVA WT) had significantly more
IL-5 and IL-13 (Figure 3B), total cells (Figure 3C), and total eosin-
ophils (Figure 3D) in BAL than nonsensitized and nonchallenged
WT mice, signifying OVA challenge-induced allergic inflamma-
tion. OVA WT mice that received adoptively transferred DO11.10*x
Foxp3F°™ iTregs had significantly lower IL-5 and IL-13, significant-
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Figure 2. PGI, signaling promotes tTreg Foxp3 expression. (A) Representative flow cytometric analysis of CD4*CD25'Foxp3* Tregs from the spleens of IP
KO or WT mice (n =10, 2 independent experiments combined). (B) MFI of Foxp3 from gated Treg population (n = 10, 2 independent experiments combined).
(C) Quantification of IL-10 produced by cultured purified tTregs (n = 6, 2 independent experiments combined). Data are represented as mean + SEM. Statis-

tical significance was determined by Student’s t test. *P < 0.05; ***P < 0.001.

ly fewer total cells, and a trend toward fewer eosinophils in the BAL
than OVA WT mice that did not receive transferred iTregs (Figure
3, B-D). A pathologist blinded to the treatment groups performed
individual lung scoring for major basic protein (MBP) staining to
examine infiltrating eosinophils. OVA WT mice that received adop-
tively transferred DOII.10*xFoxp3t“™ iTregs exhibited reduced
eosinophil infiltration (Figure 3E) compared with OVA WT mice.
These data demonstrated that iTregs in which IP signaling is
intact inhibited allergic inflammation. There were no differences
between OVA WT mice and OVA WT mice that received adoptive-
ly transferred DOI11.10*xFoxp3E¢**xIP KO iTregs in IL-5 and IL-13,
total cells, and eosinophils in the BAL, nor in eosinophil infiltra-
tion into the lungs, revealing a defect in the suppressive function
of iTregs from IP KO mice. However, OVA WT mice adoptively
transferred DOI11.10*xFoxp3"“*xIP KO iTregs had significantly
more IL-5 and IL-13, total cells, and eosinophils in BAL as well as
eosinophil infiltration into the lungs than OVA WT mice adoptively
transferred DO11.10xFoxp3E°t? iTregs (Figure 3, C-E). These data
demonstrate that iTregs in which IP signaling is intact inhibit the
progression of inflammation and injury that results from allergen
challenge, while IP KO iTregs do not. We next evaluated by flow
cytometry the number of type 2 cytokine-expressing CD4* T cells
present within the lungs from a separate set of mice that under-
went the identical adoptive transfer protocol (Figure 3A). Prior to
performing these studies, we crossed Foxp3®°** mice onto congen-
ic CD45.1 BALB/c mice to be used as WT recipient mice for these
studies. It is important to note that BALB/c mice have the CD45.2
allele; therefore, both DOI1.10*xFoxp3t°™ and DOI1.10*xFoxp3Ect®
xIP KO mice express CD45.2. These WT CD45.1* recipient mice
were generated in order to differentiate between adoptively trans-
ferred iTregs that came from DOI11.10*xFoxp3t¢*™ or DOII1.10*x
Foxp3FSTPxIP KO mice that expressed CD45.2 and host Tregs. OVA
WT mice had significantly more IL-13*CD45.1*CD4" T cells and
IL-5*CD45.1"CD4" T cells (P < 0.05) than nonsensitized and non-
challenged WT mice, indicating that OVA challenge induced type
2 cytokine-producing CD4" cells, as expected. The gating strate-
gy for Figure 3 is shown in Supplemental Figure 5. Total numbers
of cells were calculated using hemocytometer-based counts and
population percentages from set flow cytometry gates. OVA WT
mice with adoptively transferred DOII1.10*xFoxp3*“™ iTregs or

DO11.10*xFoxp3t¢**xIP KO iTregs had significantly fewer IL-13*
CD45.1'CD4" T cells compared with OVA WT mice without trans-
ferred iTregs (Figure 3F). Importantly, there were significantly
fewer IL-13*CD45.1'CD4* T cells in OVA WT mice with adop-
tively transferred DO11.10*xFoxp3F°™ iTregs compared with OVA
WT mice with adoptively transferred DOI1.10*xFoxp3=F*xIP KO
iTregs (Figure 3F), revealing that IP KO iTregs were not able to sup-
press cellular expression of this type 2 cytokine as effectively as WT
iTregs. There was no difference in the total number of lung-infil-
trating iTregs between OVA WT mice with adoptively transferred
DO11.10*xFoxp3t¢*" iTregs and DOI1.10*xFoxp3F°™xIP KO iTregs
(Figure 3G). Together, these data demonstrate that IP KO iTregs,
similarly to IP KO tTregs, are functionally impaired and unable to
inhibit allergen-induced inflammation as well as iTregs in which IP
signaling is intact.

PGI, signaling promotes iTreg differentiation in vitro. Since
adoptively transferred IP KO iTregs are dysfunctional in vivo,
we further hypothesized that naive T cells from IP KO mice have
impaired ability to differentiate to iTregs compared with naive
T cells from WT mice. To test this hypothesis, we polarized both
WT and IP KO naive T cells to iTregs in vitro using IL-2 and TGF-f
on anti-CD3-coated plates. IP KO naive T cells demonstrated
an impaired ability to polarize to IP KO iTregs compared with
WT naive T cells. Specifically, after culture, there were fewer IP
KO cells that were Foxp3Ef**CD25%, which we classify as iTregs,
compared with similarly polarized WT cells (Figure 4, A and B).
The gating strategy for Figure 4, A and B, is shown in Supplemen-
tal Figure 6. Furthermore, we found that IP KO iTregs produced
significantly less IL-10 than WT iTregs after polarization (Figure
4C). However, there were no differences between WT and IP KO
iTregs utilizing an in vitro suppression assay (data not shown).
Taken together, these data show that PGI, signaling contributes to
iTreg differentiation and function and suggest that absence of this
signaling results in an iTreg that is less functional.

PGI, signaling promotes Treg stability during allergic inflam-
mation. Recent literature demonstrates that lung Tregs may lose
Foxp3 expression, resulting in production of type 2 cytokines that
contribute to allergic inflammation (19). Based on our data sug-
gesting that IP KO Tregs are less stable due to their reduced Foxp3
MFT at baseline, we hypothesized that the stability of IP KO Tregs
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Figure 3. PG, signaling enhances iTreg function in vivo in the setting of allergic airway inflammation. (A) Experimental schematic. (B) Total BAL IL-5
and IL-13 (n =15, 3 independent experiments combined). (C) Total cells within BAL (n = 10-15, 3 independent experiments combined). (D) Eosinophils within
BAL (n = 10-15, 3 independent experiments combined). (E) Anti-MBP score and representative histological images (n = 8-15, 3 independent experiments
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experiments combined). (G) Representative flow cytometric analysis and calculated total cell number of CD4*KJ126* iTregs that were transferred in as
sorted Foxp3+CD25* iTregs (n = 8, 2 independent experiments combined). Data are represented as mean + SEM. Statistical significance was determined by
1-way ANOVA (C-G). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 4. PGI, signaling promotes iTreg differentiation in vitro. (A) Representative image of a flow cytometry plot of iTregs present in culture after naive
WT or IP KO T cells were activated with anti-CD3 and differentiated using IL-2 and TGF-B (n = 8, 3 independent experiments combined). (B) Plotted per-
centages of WT and IP KO polarized iTregs (n = 8, 3 independent experiments combined). (C) Amount of IL-10 produced by differentiated iTregs (n = 8,

3 independent experiments combined). Data are represented as mean + SEM. *P < 0.05; **P < 0.01.

is impaired during allergic inflammation. We generated fate-map-
ping mice for these experiments. Mice in these experiments were
either WT (Foxp3ECtreaexRosa2 6/ YFPxL-131emae) or [P KO (IP
KOxFoxp3tCtreex Rosa2 6XFP/TPx [L-]131omaro) T these mice, any cell
that was ever Foxp3* expresses yellow fluorescent protein (YFP),
those currently Foxp3* express GFP, and those currently IL-13*
express tdTomato. The lung cells of these mice were examined
by flow cytometry after OVA sensitization and challenge. Current
Tregs were defined as GFP*YFP*, while ex-Tregs, or T cells that
once expressed and have lost Foxp3 expression, were GFPYFP*.
We found that OVA sensitization and challenge increased Tregs
in the lungs of both WT and IP KO mice compared with nonchal-
lenged controls. Interestingly, there was a significantly increased
number of both Tregs and ex-Tregs in the lungs of sensitized and
challenged IP KO mice compared with WT mice (Figure 5, A-C).
The gating strategy for Figure 5 is shown in Supplemental Figure
7. Total numbers of cells were calculated using hemocytome-
ter-based counts and population percentages from set flow cytom-
etry gates. Furthermore, we found that OVA sensitization and chal-
lenge increased the total numbers of lung IL-13* Tregs and IL-13*
ex-Tregs in both WT and IP KO mice compared with nonsensi-
tized and nonchallenged controls. Importantly, OVA sensitization
and challenge significantly increased total numbers of lung IL-13*
Tregs and ex-Tregs in IP KO mice compared with OVA-sensitized
and -challenged WT mice (Figure 5, D-G). Together, these data
suggest that IP KO Tregs are less stable and more prone to repro-
gramming toward a pathogenic IL-13-expressing Treg phenotype
during allergic inflammation than WT Tregs. We also show that
OVA-sensitized and -challenged IP KO mice have more IL-13*Th2
cells than OVA-sensitized and -challenged WT mice (Figure
5H and Supplemental Figure 8). Strikingly, the Treg/Th2 ratio
within the lungs of OVA-sensitized and -challenged IP KO mice
was significantly lower than in WT mice (Figure 5I). These data
suggest that, although IP KO mice have more Tregs within their
lungs, there are fewer Tregs for every Th2 cell present compared
with those in WT mice, making it more difficult for IP KO Tregs to
suppress Th2 cell function in this in vivo model. It is important to
note that the stability of IP KO Tregs is potentially impacted by the
enhanced inflammatory state (increased cytokine levels) occur-
ring within the IP KO mouse as a result of the presence of dysfunc-
tional Tregs. These data demonstrate that PGI, signaling in Tregs

may play a role in their ability to maintain their suppressive and
functional state during inflammatory conditions.

PGI, signaling inhibits the expression of ILT3 on Tregs. Several
recent studies have demonstrated that Tregs expressing ILT3 did
not suppress Th2 responses due to their inability to suppress the
development of a DC subset (PD-L2'IRF4*) that promotes the
formation of Th2 cells (21, 22, 40, 41). ILT3 functions as a repres-
sor of TCR signaling (21). Upregulation of ILT3 on Tregs has been
shown in 3 previous studies to result in their inability to restrain Th2
responses in vivo (21, 22, 42). We therefore hypothesized that IP KO
Tregs express increased ILT3 based on our findings that both IP KO
tTregs and iTregs exhibited impaired suppressive capability in vivo.
We found that lung IP KO Tregs isolated from mice sensitized and
challenged with OVA expressed significantly greater ILT3 mRNA
and GATA3 mRNA than WT Tregs (Figure 6, A and B). Additionally,
we found a significant increase in the percentage of ILT3*GATA3"
Tregs in the lungs isolated from OVA IP KO mice compared with
OVA WT mice (Figure 6, C and D). The gating strategy for Figure
6, C and D, is shown in Supplemental Figure 9. Concomitantly, we
found a significantly increased percentage of PD-L2'IRF-4* DCs in
the lungs of OVA IP KO mice compared with OVA WT mice (Figure
6, E and F). The gating strategy for Figure 6, E and F, is shown in
Supplemental Figure 10. Together, these data show that PGI, signal-
ing s critical in inhibiting ILT3 expression on Tregs.

PGI, signaling promotes iTreg differentiation and prevents tTreg
destabilization. Thus far, we have examined the effects of endog-
enous PGI, signaling on Treg functionality. It is also important
to determine the role exogenous PGI, has on Treg function. We
hypothesized that exogenous PGI, enhances murine Treg function.
To test this hypothesis, we first examined the effect of cicaprost, a
PGI, analog, on the iTreg polarization of CD4" cells from WT mice.
We found that increasing doses of cicaprost significantly promot-
ed iTreg polarization, as measured by flow cytometry (Figure 7A).
iTregs were identified using the gating strategy shown in Supple-
mental Figure 6. Next, to study the impact of exogenous PGI, on
tTregs in vitro, we utilized an in vitro polarization protocol that
entails the use of high levels of cytokines present during an aller-
gic response, IL-4 and IL-33. IL-4 promotes GATA3 expression and
Th2 polarization, while IL-33 is an epithelial-derived cytokine that
promotes type 2 responses (22, 43). Additionally, IL-2 was added
to the culture, as it is critical for the maintenance and function of
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Tregs (44, 45). tTregs were polarized with IL-2, IL-4, and IL-33 for 6
days on anti-CD3-and anti-CD28-coated plates. We hypothesized
that exogenous PGI, signaling promotes the stability of Tregs, mea-
sured through maintenance of Foxp3 expression. We indeed found
that cicaprost prevented tTreg destabilization, defined as a loss of
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Foxp3 expression as a result of stimulus with high levels of IL-4 and
IL-33. Significantly greater percentages of WT tTregs were present
after 6 days in culture with high levels of IL-2, IL-4, and IL-33 when
treated with cicaprost compared with vehicle treatment (Figure
7B). tTregs were defined according to the gating strategy shown
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Figure 6. PGl, signaling inhibits the expression of ILT3 on Tregs. (A) Relative quantification of /LT3 mRNA from isolated Tregs from OVA-sensitized and
-challenged lungs normalized to GAPDH (n = 4, 1independent experiment). (B) Relative quantification of GATA3 mRNA from isolated Tregs from OVA-
sensitized and -challenged lungs normalized to GAPDH (n = 4, 1independent experiment). (C) Representative flow cytometric analysis of ILT3*GATA3*
Tregs in the lungs of OVA-sensitized and -challenged WT and IP KO mice (n = 9, 2 independent experiments combined). (D) Plotted population percent-
ages of ILT3*GATA3* Tregs (n = 9, 2 independent experiments combined). (E) Representative flow cytometric analysis of IRF4*PD-L2* DCs in the lungs of
OVA-sensitized and -challenged WT and IP KO mice (n = 9, 2 independent experiments combined). (F) Plotted population percentages of IRF4*PD-L2* DCs
(n =9, 2 independent experiments combined). Data are represented as mean + SEM. Statistical significance was determined by 2-way ANOVA (D and F)
and Student’s 2-tailed t test (A and B). **P < 0.01; ***P < 0.001; ****P < 0.0001.

in Supplemental Figure 11. This result shows that cicaprost treat-
ment enhances the stability of WT tTregs in vitro. Thus far, we have
demonstrated that exogenous PGI, promoted Treg function and
stability in vitro; however, whether exogenous PGI, promotes Treg
function in vivo was an important unaddressed question. To exam-
ine this possibility, we infused a different PGI, analog, treprostinil,
into WT mice for a duration of 2 weeks through use of osmotic mini
pumps. We chose to use treprostinil in vivo because it is more heat

stable and thus more suitable for long-term infusion studies. The
top dose in our curve, 45 ng/kg/min, was chosen based on the aver-
age dose used in patients with pulmonary hypertension (46-49).
We found that this dose of treprostinil significantly increased the
percentage of Foxp3* cells within the lung (Figure 7C). Foxp3* cells
were identified using the gating strategy shown in Supplemental
Figure 12. These data show that exogenous PGI, signaling promot-
ed the formation and stability of Tregs.
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PGI, analogs promote human Treg differentiation via repression
of p-catenin signaling. Finally, we examined the effect of PGI, ana-
logs on the formation of Tregs from human donors. Based on our
mouse data, we hypothesized that cicaprost treatment increases
the percentage of iTregs following polarization of CD4* T cells iso-
lated from the peripheral blood of humans compared with vehi-
cle treatment. We indeed found that cicaprost dose-dependently
significantly increased CD4" T cell polarization to iTregs, as mea-
sured by flow cytometry (Figure 8, A and B). iTregs were defined
using the gating strategy shown in Supplemental Figure 13. These
data are plotted as percentage of baseline such that all treated
conditions are normalized to the cytokine condition for the spe-
cific individual to account for intrinsic variability in iTreg differ-
entiation. Furthermore, we found that there was a concomitant
significant increase in Foxp3 MFI following cicaprost treatment
(Figure 8C). These data demonstrate that PGI, signaling critically
promotes human Treg differentiation from CD4* T cells. We next
determined the signaling pathway responsible for PGI,-induced
enhanced Treg polarization. We chose to evaluate PKA, exchange
factor directly activated by cAMP (EPAC), and Wnt/f-catenin sig-
naling. We have previously shown that PKA signaling is important
for PGL,’s suppression of Thl and Th2 cell cytokine production,
and PGI, has repeatedly been shown to signal via cAMP (25, 34).
PGI, has not been shown to signal through EPAC in any T cell sub-
sets; however, it has been demonstrated to do so in both smooth
muscle cells and endothelial cells (50, 51). Thus far, no studies
directly link PGI, to B-catenin activation; however, a recent study
demonstrated that Wnt signaling mediated by -catenin promoted
Th2 cell-like reprogramming of Tregs in models of allergic inflam-
mation and asthma (20). Additionally, a separate study linked
B-catenin expression to ILT3 expression on Tregs (21). To deter-
mine which of these pathways is downstream of PGI, in Tregs, we
polarized human CD4* T cells in the presence of 3 different inhibi-
tors. We utilized the PKA inhibitor H89, the EPAC inhibitor ESI09,
and ICGOO1, which inhibits the interaction between f-catenin
and the cAMP-responsive element (CREB) binding protein (CBP).
These data are plotted as percentage of baseline such that all treat-
ed conditions are normalized to the vehicle (DMSO or EtOH) con-
dition for the specific individual inhibitor to account for intrinsic
variability in iTreg differentiation. We found that both H89 and
ESIO9 had no effect on Treg differentiation, as both failed to inhib-
it the cicaprost-induced enhanced polarization of CD4* T cells to
Tregs (Figure 8, E and F), leading us to conclude that PGI, signals
independently of both PKA and EPAC in Tregs. However, ICG001
increased Treg polarization when given at a concentration of 1 pM
and addition of cicaprost resulted in no further increase in Treg
polarization (Figure 8D). These data demonstrate that PGI, sig-
naling represses p-catenin activation and signaling in conjunction
with CBP, resulting in enhanced Treg formation.

PTGIR missense variant is associated with chronic obstructive
asthma with exacerbation in humans. Based on our in vivo findings
in a mouse model of asthma and our in vitro results revealing that
PGIL, signaling critically promotes Treg function, we determined
whether polymorphisms of IP in humans (gene name PTGIR)
were associated with asthma. Therefore, we investigated the
association of asthma phenotypes and subtypes in genetic vari-
ants in a population of 25,363 individuals genotyped in Vander-
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bilt’s biobank, BioVU (52). These subjects were genotyped on the
Exome BeadChip, an Illumina genotyping platform designed to
capture coding variants. This cohort allowed us to examine asso-
ciations between genetic variants in the coding region of PTGIR
and asthma. In our cohort, only 1 variant in PTGIR — p.P226T
(rs138619017) — had a sufficient number of heterozygotes (>100)
to test for association. PTGIR p.P226T is a missense mutation that
is located in the third intracellular loop of IP in an area that has
been shown to interact with the heterotrimeric G protein (53). We
tested to determine whether there was an association between this
variant and either asthma or asthma subtypes using Phecodes. We
found that the PTGIR p.P226T variant was significantly associated
with both Phecode 495.1, “chronic obstructive asthma,” and Phe-
code 495.11, “chronic obstructive asthma with exacerbation,” as
shown in Table 1. Furthermore, using the UK Biobank summary
statistics in Gene Atlas (54), we found that PTGIR p.P226T was
significantly associated with asthma (P = 0.016; odds ratio = 1.23;
cases = 52,296, controls = 399,995; allele frequency 0.0036).
These results from 2 different biobanks suggest that a missense
mutation in the PGI, receptor may be a risk factor for asthma.

Discussion

We describe a role for PGI, signaling in promoting Treg stability,
function, and differentiation. tTregs from IP KO mice were less
suppressive in an immunodeficient adoptive transfer-based mod-
el of allergic inflammation than tTregs from mice in which PGI,
signaling was intact. Additionally, iTregs from IP KO mice were
less suppressive in an immunocompetent adoptive transfer-based
model of allergic inflammation than iTregs generated from WT
mice. As there were no differences in total number of infiltrating
Tregs within the lungs in either set of experiments, the impair-
ment in suppression was not due to inability of IP KO Tregs to
effectively traffic to the lungs. Instead, IP KO Tregs were unable
to adequately prevent the proliferation of Th2 cells in response
to OVA. As a whole, the data from the adoptive transfer experi-
ments parse the effects of PGI, signaling within Tregs and Th2
during allergic inflammation and demonstrate that PGI, signaling
in Tregs is critical for maintenance of the cells’ suppressive func-
tion during allergic inflammation. In vitro studies revealed that
tTregs from IP KO mice had a lower Foxp3 MFI than tTregs from
WT mice and produced less IL-10 upon nonspecific stimulation.
Naive T cells from IP KO mice were less able to polarize to iTregs,
and subsequently, these iTregs produced less IL-10 than iTregs
generated from WT mice. Importantly, more Tregs from IP KO
mice were ILT3*GATA3* and were less stable and more prone to
conversion to IL-13* Tregs or ex-Tregs than Tregs from WT mice.
Exogeneous PGI, promoted Treg formation in vivo and in vitro
while it additionally promoted Treg stability in vitro. Finally,
exogenous PGI, also promoted the formation of human iTregs via
repression of B-catenin signaling.

IP KO Tregs displayed decreased stability during disease pro-
gression. Using fate-mapping mice, we observed that greater num-
bers of IP KO Tregs lost Foxp3 expression and began expressing the
proinflammatory cytokine IL-13 during the course of disease com-
pared with WT mice, effectively becoming reprogrammed in the
allergic microenvironment. Other studies have linked increased
expression of GATA3 to enhanced reprogramming and thereby
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Figure 8. PG, analogs promote human Treg differentiation. Purified CD4* T cells were cultured with IL-2 and TGF-p and increasing doses of cicaprost. (A)
Representative flow cytometric analysis (n = 12). (B) Baseline-normalized percentage polarization to iTregs (n = 12). (C) MFI (n = 12). In a separate set of
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ESI0Y, an EPAC inhibitor. Baseline-normalized percentage polarization to iTregs is plotted (n = 7, 3 independent experiments combined). Data are repre-
sented as mean + SEM. Statistical significance was determined by 1-way ANOVA or 2-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

formation of ex-Tregs (22, 36). The increased presence of ex-Tregs
found in the lungs of IP KO mice compared with WT during aller-
gic inflammation is likely due to increased GATA3 expression in
IP KO Tregs compared with WT Tregs. However, IP KO mice exist
in an elevated inflammatory state compared with WT mice when
allergically challenged. This increased inflammation and abun-
dance of Th2 cytokines, allowed as a result of dysfunctional IP KO
Tregs, may also be affecting IP KO Treg stability. Future studies
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are needed to uncover whether one or both of the aforementioned
scenarios are affecting Treg stability in IP KO mice.

IP KO Tregs had enhanced expression of ILT3 and GATA3
compared with WT Tregs during disease progression. Upregu-
lation of ILT3 on Tregs resulted in Treg inability to restrain Th2
responses in mouse models of airway inflammation and autoim-
mune gastritis in vivo (21, 22, 42). Together, these studies along
with the data reported here reveal the importance of evaluating
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Table 1. Association test of Phecodes for asthma and asthma-subtypes analysis of PTGIR variant p.P226T

rsiD Amino acid Effect Allele Phecode jd_string Cases  Controls Heterozygote Heterozygote  OR Pvalue
change allele frequency cases controls
15138619017  p.P226T T 0.00301 495 Asthma 1,886 3477 17 134 1.58 0.085
15138619017 p.P226T T 0.00301 4951 Chronic obstructive 226 3477 6 134 473 23x100
asthma
15138619017 p.P226T T 0.00301 49511 Chronic obstructive 43 23477 3 134 1290 20x10©®
asthma with exacerbation
15138619017 p.P226T T 0.00301 495.2 Asthma with 316 23477 2 134 1m 0.702

exacerbation

Association testing was conducted using Fisher’s exact test with Bonferroni’s correction. OR, odds ratio.

Tregs for expression of ILT3 to determine their functional capac-
ity during the progression of Th2-mediated diseases. Elevated
ILT3 expression on IP KO Tregs compared with WT Tregs further
revealed the enhanced existence of a dysregulated Treg popula-
tion in IP KO mice that are less able to control type 2 inflamma-
tion. ILT3 expression on Tregs could be an additional marker of
Treg exhaustion. Currently, Treg exhaustion can be denoted by
their expression levels of PD1, LAG3, or ICOS (55). In one study,
aberrant PD1 expression on Tregs present in Treg-specific tumor
suppressor liver kinase B1 (LKB1) deficient mice, which natural-
ly acquire fatal autoimmune disease, denoted the existence of
an exhausted Treg population (56). The authors went on to show
that upregulation of PD1 expression on LKBI1-deficient Tregs
was linked to their inability to control Th2 responses as well as
the accumulation of PD-L2* DCs (56). This exaggerated type 2
response seen with elevated PD1 expression on Tregs is similar
to what occurs when increased populations of Tregs express ILT3
(21, 22, 42, 56). 1t is therefore possible that ILT3 expression on
Tregs results in a similar exhausted phenotype.

Notably, PGI, analogs enhanced Treg differentiation both
in vitro and in vivo in mice and in vitro in human T CD4" cells,
revealing the importance of PGI, signaling to human Treg for-
mation. This effect in human cells was shown to be mediated
by B-catenin; however, no studies directly link PGI, to B-catenin
activation. However, prostaglandin E, (PGE,), also an arachidon-
ic acid metabolite like PGL), activated B-catenin (57). A recent
study linked Wnt signaling and activation of B-catenin with the
promotion of Th2 reprogramming of Tregs in models of allergic
disease and asthma (20). Interestingly, a different study linked
B-catenin expression to ILT3 expression within Tregs; however,
this study showed that cells with lower expression of B-catenin
had higher levels of ILT3 (21). This is the opposite of what we
would expect, given our findings and those of others (20). More-
over, to date, inhibitors of B-catenin improved immune respons-
es to different types of cancers (58). As f-catenin signaling
promotes Th2 signaling over Thl, in addition to repressing the
formation of tTregs, development of a Treg-specific therapy may
be warranted (59, 60).

To determine the relevance of PGI, signaling to asthma in
humans, we found that a variant in the human PTGIR gene was
strongly associated with chronic obstructive asthma with exac-
erbation in a BioVU cohort. An association with the same variant
and asthma was confirmed in the UK Biobank with an effect size

consistent with what was observed in BioVU. The Genome Wide
Association Studies (GWAS) catalog, a compiled resource of sig-
nificant associations found in GWAS, reports that common SNPs
in and near PTGIR have been associated with ulcerative colitis
and inflammatory bowel disease. Although large GWASs of asth-
ma have been conducted, no associations between SNPs within
PTGIR and asthma have been reported (61-63). However, because
GWAS typically only tests for associations with common genetic
variants, this does not preclude the possibility that rare coding
variants in human genetic variation in PTGIR affect the risk of
asthma. Given that our findings in BioVU are based on a rare vari-
ant, these results should be interpreted with caution. However,
these data are suggestive that there are genetic variants in PTGIR
present in the human population that influence asthma risk, per-
haps similarly to how a SNP in the PGI, pathway was associated
with increased risk of cardiovascular diseases (64). Our data do
not reveal that the association of chronic obstructive asthma with
PTGIR-p.P226T is attributable to a defect in Treg function or any
other cell type. However, it is tempting to speculate that individu-
als with SNPs in the PGI, pathway that result in lower production
of PGI, or impaired IP signaling exhibit impaired Treg suppressive
capacity, not only predisposing them to the development of car-
diovascular disease, but also to autoimmune and allergic diseases.
Importantly, prospective studies will be necessary to confirm the
functional nature of association.

Very little is known about how PGI, signaling regulates Treg
function and stability. Our study is the first, to our knowledge,
to directly investigate the direct effect of PGI, signaling on the
Treg itself in vivo in the context of allergic inflammation. Inves-
tigators have previously shown that treating OVA-pulsed DCs
with iloprost prior to injection into DC-depleted mice inhibited
production of Th2 cytokines and increased IL-10 secretion from
OVA-specific T cells after subsequent OVA aerosol challenge
(65). However, these investigators did not identify whether the
IL-10-secreting cells were Tregs, nor did they investigate the sig-
naling mechanisms leading to IL-10 production (65). A separate
set of investigators demonstrated that culture of naive T cells with
iloprost promoted Th17 while suppressing Treg differentiation
under their respective skewing conditions, via a cAMP-mediated
mechanism (66). These results are the opposite of our results in
that we demonstrate that PGI, analogs enhance Treg differenti-
ation; however, we went further and validated that PGI, signal-
ing promotes Treg function in vivo. Models of Treg deficiency in
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relation to the development of pulmonary hypertension have also
been investigated. Female rats developed more severe pulmonary
hypertension than males when lacking Tregs, and it was ultimate-
ly discovered that Tregs promoted plasma expression of PGI,
and cardiopulmonary expression of PGI, synthase (PTGIS) and
protected rats from the development of pulmonary hypertension
(67). Moreover, in vitro human Tregs increased concentrations
of PGI, and IL-10 when in culture with human cardiac microvas-
cular cells (67). This study evaluated the importance of Tregs for
protection against pulmonary hypertension, but did not directly
examine the impact of PGI, on Tregs. Additionally, iloprost-treat-
ed DCs promoted Treg differentiation and protected mice from
the development of allergic inflammation (68). The effect of PG,
on Tregs published in this study was mediated by DCs and was
not due to a direct effect of PGI, on Tregs. We believe our study
is unique in that the effects described are a result of PGI, signal-
ing within the Tregs. Furthermore, a group of investigators found
that Tregs express PTGIS that is acetylated by CBP/p300, leading
to increased production of PGI, by Tregs compared with naive T
cells (69). We were unable to confirm expression of PTGIS within
Tregs by Western blot or PCR (Supplemental Figure 14). Inter-
estingly, Castillo et al. were unable to find a direct effect of the
PGI, analog iloprost on Treg differentiation and concluded that
CBP/p300 functions upstream of IP receptor stimulation and that
increased production of endogenous PGI, mediates the effect
of PTGIS on Treg differentiation via CBP/p300 (69). However,
our data would suggest the opposite, that PGI, stimulation of IP
results in B-catenin activation, leading to its complexing with its
transcriptional coactivator CBP, which results in enhanced Treg
differentiation. As a whole, Castillo et al.’s overarching conclu-
sion that PGI, as well as CBP/p300 signaling is important for Treg
differentiation supports our findings (69).

In conclusion, our results strongly suggest that PGI, signaling
licenses Treg suppressive function and prevents reprogramming
toward a pathogenic Treg phenotype. The possibility that PGI,
signaling promotes Treg function has tremendous therapeutic
implications, as it would signify that PGI, may be the first pharma-
cologic agent that increases Treg function in vivo. PGI, has been
FDA approved to treat pulmonary hypertension for 3 decades (70).
Therefore, a PGI, analog could be repurposed to increase the abili-
ty of Treg to suppress allergic inflammation or other inflammatory
diseases, such as autoimmunity.

Methods

Mice

BALB/c (BALB/cAnNCrl) mice were obtained from Charles River.
Ragl”- (C.12957(B6)-Ragl™™ /]), DO11.10* (C.Cg-Tg(DO11.10)10DIf/]),
Foxp3™™® (C.Cg-Foxp3™2™/]), and CD45.1 (CBy].SJL(B6)-Ptprct/])
mice, all on a BALB/c genetic background and all Pigir””, were
obtained from Jackson Laboratory. IP KO (Pzgir”") mice were provid-
ed by Garret FitzGerald (University of Pennsylvania, Philadelphia,
Pennsylvania, USA) as a gift and were backcrossed 10 generations
onto BALB/c. Foxp3®S™ (Ptgir/*) mice were crossed with IP KO mice
to generate Foxp3*™xIP KO (Ptgir’") mice. DO11.10* (Ptgir/*) mice
were crossed onto Foxp3"°™ and IP KOxFoxp3"©™ mice to generate
DOI1.10*xFoxp3*°t (Ptgir/*) and DOI11.10*xFoxp3t°™xIP KO (Ptgir’")
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mice, respectively. Foxp3tEPeexRosa26Y""Y* mice were provided in
house. IL-13"°™ mice were provided as a gift from Andrew McKen-
zie (Medical Research Council Laboratory of Molecular Biology,
Cambridge, United Kingdom). Both of these strains are also Pigir/*.
IL-134emate mice were crossed with Foxp3E¢™exRosa26 ™/ mice
to generate Foxp3tCrreexRosa2 6¥FY/YFPx[L-131dmao  (Prgjp/*)  mice;
these mice were then crossed with IP KO Mice to generate IP KOx
Foxp3"CFrerex Rosa2 6YFP/VFPx [L-131tomate (Prgjp/") mice. Female mice, ages
7-12 weeks, were used in experiments.

Allergic sensitization/challenge

Mice were sensitized at day O and day 7 with 100 uL of OVA (10 pg)
and alum (20 mg) solution intraperitoneally. On days 21 to 23, BALB/c
mice were challenged through the airway with nebulized 1% OVA to
elicit allergic airway inflammation.

BAL

Immediately after euthanasia, mice were immobilized, and the tra-
chea was isolated and cleaned using forceps. A small incision was
made in the trachea into which an endotracheal tube was inserted;
800 pL of saline was instilled into the lungs of mice and then aspirated
from the airways using the same syringe.

Lung single-cell suspension

Immediately after euthanasia, mice were immobilized, and both lungs
were harvested. Lungs were placed into 1 mL of RPMI + 5% FBS and
subsequently minced to fine pieces. Lungs were then digested for 25
minutes at 37°C and ground on a 70 pM strainer and washed with RPMI
+5% FBS. Lung cells were centrifuged,and RBCs were lysed with RBC
Lysis Buffer (Tonbo Biosciences) and run over a second 70 pM filter.

Splenic and thymic single-cell suspension

Immediately after euthanasia, spleen and/or thymus was harvested,
ground on a 70 pM filter, and washed through with RPMI. Cells were
spun down; RBCs were lysed using RBC Lysis Buffer (Tonbo Biosci-
ences) and then filtered through a second 70 pM filter.

tTreg adoptive transfer model

Ragl”~ mice were anesthetized using isoflurane and intranasally
challenged with 5 mg/mL OVA on days -1 and days 1 to 3. On day O,
single-cell suspensions of spleens were prepared from DOI1.10%,
DO11.10*xFoxp3t°™*, and DOI11.10"xFoxp3ic™xIP KO mice. Naive T
cells were isolated from DOI1.10" single-cell suspensions, and Tregs
were isolated from DOI11.10*xFoxp3"°™ and DO11.10"xFoxp3 ™ xIP
KO mice using magnetic beads technology (Miltenyi Biotec). Appro-
priate numbers of cells were administered to mice anesthetized with
ketamine/xylazine through the tail vein.

Histology

Immediately after euthanasia, mice were immobilized, and the right
lung was ligated and excised. Then, 600 uL of 10% formalin was
injected into the left lung via the endotracheal tube, as described
above. The endotracheal tube was then removed, and the trachea was
quickly tied off below the incision. The inflated left lung was then har-
vested and placed in 5 mL of 10% formalin at 4°C for 48 hours. The
lungs were then embedded, cut, and stained for MBP. Lungs were then
scored based on intensity of the stain.
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ELISA

BAL fluid was evaluated using an IL-13 Quantikine ELISA (R&D Sys-
tems). Treg cell culture supernatant was evaluated using an IL-10
Quantikine ELISA (R&D systems).

Flow cytometry

Anti-mouse antibodies used for flow cytometry are listed in Supple-
mental Table 2. Anti-human antibodies used for flow cytometry are
listed in Supplemental Table 3. Intracellular staining was performed in
one of two ways: (a) if the cells contained a fluorescent reporter, cells
were fixed using a 1:2 dilution of 10% phosphate-buffered formalin
for 40 minutes, permeabilized using permeabilization buffer (eBiosci-
ence), and then stained; or (b) in all other experiments, cells were fixed
and permeabilized using the Foxp3/Transcription Factor Staining Buf-
fer Set (eBioscience). Live/dead discrimination was performed using
Ghost Dye Violet 510 (Tonbo Biosciences), Ghost Dye Red 710 (Ton-
bo Biosciences), or LIVE/DEAD Near-IR (Invitrogen) on both human
and mouse cells. Cells were analyzed on a BD LSRII Cell Analyzer (BD
Biosciences) or a Cytek Aurora (Cytek Biosciences), and the data were
analyzed using Flow]Jo (BD Biosciences). Flow cytometry experiments
were analyzed in the VUMC Flow Cytometry Shared Resource.

T cell culture
Treg culture. Splenic single-cell suspensions from Foxp3t°™ and
Foxp3tS*xIP KO mice were enriched for CD4" T cells using magnet-
ic bead technology (Miltenyi Biotec). Cells were then stained, and
CD4*CD25" Foxp3t©™* Tregs were isolated using FACS technology
on a BD FACS Aria III Cell Sorter. Tregs were then plated at 100,000
cells/well on 96-well plates precoated with 1 pg/mL anti-CD3 and 0.5
pg/mL anti-CD28 (BD Biosciences). Tregs were supplemented with
100 IU of human IL-2 (NIH) and allowed to incubate at 37°C for 3
days. Media was later evaluated for the presence of IL-10 by ELISA
(IL-10 Mouse Quantikine ELISA Kit, R&D Systems). In a separate set
of experiments, 20,000 Tregs/well were supplemented with combi-
nations of 1000 IU of human IL-2 (NIH), 100 ng/mL IL-33 (Pepro-
tech), and 100 ng/mL IL-4 (Peprotech) in addition to indicated
doses (10 nm to 1 uM) of cicaprost (Cayman Chemical) for 6 days in
round-bottom plates with CD3/CD28 T cell activation beads (Invit-
rogen Dynabeads). Media was supplemented on day 4. On day 6, the
presence of CD4*CD25* Foxp3©°™** cells was evaluated.

iTreg polarization. Splenic single-cell suspensions from Foxp3ict®
and Foxp3"°™xIP KO mice were enriched for CD4" T cells using mag-
netic bead technology (Miltenyi Biotec). Cells were then stained,
and CD4*CD62L" naive T cells were isolated using FACS technology
on a BD FACS Aria III Cell Sorter. Naive T cells were then plated at
100,000 cells/well on 96-well plates precoated with 1 pg/mL anti-
CD3 (BD Biosciences). Naive T cells were supplemented with 100 IU/
mL human IL-2 (NIH) and 10 ng/mL human TGF-B (Peprotech); in
some experiments, indicated doses (0.01-100 nM) of cicaprost (Cay-
man Chemical) were also added. Naive T cells were polarized at 37°C
for 4 days and then evaluated for the presence of CD4*CD25* Foxp3=crr+
Tregs by flow cytometry. Media was later evaluated for the presence of
IL-10 by ELISA (IL-10 Mouse Quantikine ELISA Kit, R&D Systems).

Th2 polarization. Splenic cell suspensions from WT mice were
enriched for CD4*CD62L" naive T cells using bead technology (Miltenyi
Biotec). Naive T cells were supplemented with 10 ng/mL mouse IL-4
(Peprotech) and 1 Opg/mL mouse anti-IFN-y (R&D Systems).
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ThO polarization. Splenic cell suspensions from WT mice were
enriched for CD4*CD62L" naive T cells using bead technology (Miltenyi
Biotec). Naive T cells were plated as is with no supplementation.

iTreg adoptive transfer model

BALB/c mice were sensitized at day O and day 7 with 100 pL of OVA
(10 pg) and Alum (20 mg) solution intraperitoneally. On day 16,
DO11.10*xFoxp3*°™* or DOI1.10*xFoxp3F°F’xIP KO naive T cells were
isolated from splenic cell suspensions using magnetic bead technolo-
gy. Naive T cells were polarized in 24-well plates in the same manner
as described above. On day 20, CD4*CD25"Foxp3©S'** iTregs were iso-
lated from both WT and IP KO cultures by FACS. Sensitized BALB/c
mice were anesthetized with ketamine/xylazine, and the appropriate
number of cells was administered to mice through the tail vein. On
days 21-23, BALB/c mice were challenged through the airway with
nebulized 1% OVA.

Real-time PCR

Tregs were purified using FACS. mRNA was extracted using the RNeasy
Micro Kit (QIAGEN) according to the manufacturer’s instructions. Aor-
ta were isolated from mice. RNA was extracted from mouse aorta using
TRIzol and the RNeasy Mini Kit (QIAGEN) according to the manufac-
turer’s instructions. RNA was converted to cDNA using the High Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems) according to
the manufacturer’s instructions. All target probes were obtained from
TaqMan (Applied Biosystems), and targets were preamplified using the
TagMan PreAmp Master Mix Kit (Applied Biosystems). Targets includ-
ed the following: GATA3 (Applied Biosystems, TagMan, Mm00484683_
ml), ILT3 (Applied Biosystems, TagMan, MmO01614371 m1), PTGIS
(Applied Biosystems, TaqMan, MmO01248013 m1), and GAPDH
(Applied Biosystems, TagMan, Mm99999915_g1). All samples were run
and analyzed using a QuantStudio 12k Flex.

Western blot

Isolated Tregs and mouse aorta were lysed in RIPA buffer containing
protease inhibitor and phosphatase inhibitor. Lysates were denaturized
with 4x laemmli sample buffer including DTT on a heating block at 95°C
for 5 minutes. The lysates were separated by SDS-PAGE using 12.5%
Mini-PROTEAN TGXTM Precast Gel (Bio-Rad). Separated protein was
transferred to nitrocellulose membranes using the iBlot Transfer Stack,
nitrocellulose, mini, and the iBlot Dry Blotting System (Thermo Fisher
Scientific). The membrane was blocked with Odyssey Blocking Buffer
(LI-COR Biosciences) for 2 hours, incubated overnight at 4°C with the
primary antibodies (PTGIS [3C8], Cayman Chemical, 10247) (B-actin
[I-19], Santa Cruz Biotechnology Inc., SC-1616), and then further incu-
bated for 1 hour with the primary antibody-matched secondary anti-
bodies (donkey anti-rabbit IRDye 680LT and donkey anti-goat IRDye
800CW, LI-COR Biosciences). The stained membrane was scanned
and analyzed by Odyssey imaging system (LI-COR Biosciences).

Mini-pump implantation

14 day osmotic mini-pumps (Alzet) were loaded with either vehicle or
treprostinil (United Therapeutics Corp.) for a targeted administration
of 45 ng/kg/min based on weight. Mice were anesthetized using ket-
amine/xylaxine. A small incision was made in the back of the mouse
at the base of the neck, and the mini-pumps were implanted subcu-
taneously. Mice received appropriate analgesic at the time of surgery.
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Human samples
Demographic details of the subject population are defined in Supple-
mental Table 1.

iTreg polarization. CD4"* T cells were isolated from whole blood
using the RosetteSep Human CD4" T cell Enrichment Cocktail Kit
(StemCell). CD4* T cells were polarized to iTregs in the same way
as mouse, described above, only using anti-human CD3 (BD Biosci-
ences) to coat the plate, 200 IU/mL human IL-2, and 1 ug/mL soluble
anti-human CD28 (BD Biosciences). The inhibitors H89, ICG001, and
ESIO9 were purchased from Cayman Chemical and were used at the
indicated doses (500 nM to 1 uM).

Variant analysis

The genotyped cohort comprised 25,363 individuals of European
ancestry (determined by principle components) in Vanderbilt’s BioVU
cohort. The cohort was genotyped on the Exome BeadChip by Illumi-
na, which was designed to capture functional exonic variants. Of the
11 PTGIR variants genotyped on the Exome BeadChip, only one —
rs138619017, p.P226 T — had a high enough allele frequency to do asso-
ciation testing (=100 heterozygotes/homozygotes for the minor allele).
We used Phecodes, version 1.2, for this analysis (available at https://
phewascatalog.org; ref. 71). The parent Phecode for asthma (Phecode
495) has 3 child concepts: (Phecode 495.1), chronic obstructive asthma;
(Phecode 495.11), chronic obstructive asthma with exacerbation; and
(Phecode 495.2), asthma with exacerbation. Each of these Phecodes
represents a grouping of ICD-9 codes. Phecodes are hierarchical, and
organized similarly to ICD codes. Thus, all cases for Phecode 495.1 are
also cases for the parent code 495. A case is required to have 2 or more
Phecodes on unique billing days. Noncases with ICDs for similar con-
ditions are excluded from the analysis. Controls who had Phecodes in
the range 490 to 498 were excluded. Association testing was conduct-
ed using Fisher’s exact test. A Bonferroni’s correction of 0.0125 was
applied to account for the 4 tests conducted. The UK Biobank associa-
tion test results were retrieved from Gene Atlas (http://geneatlas.roslin.
ed.ac.uk/phewas/?variant=rs138619017&representation = table). The
subtypes of asthma tested in the BioVU population were not available
in the UK Biobank. The effect found in the much larger UK Biobank is
within the confidence intervals of the association with asthma in Bio-
VU (CI=95% 0.9549-2.626).
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Statistics

Data are represented as mean * SEM. Comparisons between 2 groups
were made using a 2-tailed Student’s ¢ test in Graphpad Prism 8. Com-
parisons between more than 2 groups were made using 1-way or 2-way
ANOVA, where appropriate, followed by a Holm-Sidak post hoc test to
correct for multiple comparisons in GraphPad Prism 8. Fisher’s exact
test followed by a per-SNP Bonferroni’s correction was used to evalu-
ate variant association. Data were considered significant at P < 0.05.

Study approval

All animal studies were approved by the IACUC at VUMC, and mice
were bred and maintained using protocols approved by the IACUC
at VUMC. Experiments were in compliance with ethical regulations
for animal research. All human studies were approved by the IRB
at VUMC, and subjects were recruited using protocols approved by
VUMC’s IRB. All participants provided written informed consent
before enrollment.
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