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Abstract

Eosinophils contribute to immune regulation and wound healing/fibrosis in various diseases
including asthma. Growing appreciation for the role of activin A in such processes led us to
hypothesize that eosinophils are a source of this TGF-f superfamily member. TNFa (TNF)
induces activin A by other cell types and is often present at the site of allergic inflammation along
with the eosinophil activating common B (Bc) chain-signaling cytokines (IL-5, IL-3, GM-CSF).
Previously, we established that the combination of TNF plus a fc chain-signaling cytokine
synergistically induces eosinophil synthesis of the remodeling enzyme MMP-9. Therefore,
eosinophils were stimulated ex vivo by these cytokines and /7 vivo through an allergen-induced
airway inflammatory response. In contrast to IL-5+TNF or GM-CSF+TNF, the combination of
IL-3+TNF synergistically induced activin A synthesis and release by human blood eosinophils.
IL-3+TNF enhanced activin A mRNA stability, which required sustained signaling of pathways
downstream of p38 and ERK MAP kinases. /n vivo, following segmental airway allergen
challenge of subjects with mild allergic asthma, activin A mRNA was upregulated in airway
eosinophils compared to circulating eosinophils, and ex vivo, circulating eosinophils tended to
release activin A in response to IL-3+TNF. These data provide evidence that eosinophils release
activin A and that this function is enhanced when eosinophils are present in an allergen-induced
inflammatory environment. Moreover, these data provide the first evidence for post-transcriptional
control of activin A mRNA. We propose that, an environment rich in IL-3+TNF will lead to
eosinophil-derived activin A, which plays an important role in regulating inflammation and/or
fibrosis.
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Introduction

Activin A was initially described as an endocrine factor promoting pituitary follicle-
stimulating hormone synthesis and release; however, it is emerging as a critical component
of inflammation, immunoregulation, and fibrosis.1 Activin A can regulate monocyte/
macrophage production of proinflammatory factors,* promote macrophage differentiation to
atype 1 or type 2 phenotype,® 7 affect dendritic cell differentiation,8 and induce a regulatory
T cell population.! Activin A also induces proliferation of fibroblasts® 4 and airway smooth
musclel® and generation of extracellular matrix.® 4 Thus, activin A and the cells that
produce it may provide a link between inflammation and fibrosis. Activin A expression is
associated with inflammation and/or fibrosis in lung diseases including asthma,!! acute
respiratory distress syndrome,12 chronic obstruction pulmonary disease,13 and fibrotic
diseases of the lung??.

TNF-a (TNF) induces activin A production by monocyte/macrophages and stromal cells.?: 3
Furthermore, neutrophils release preformed activin A after exposure to high concentrations
of TNF, but not in response to typical neutrophil activators such as LPS, IL-8, or N-formyI-
Met-Leu-Phe.1®> TNF is a well-known activator of eosinophils and, as we have previously
demonstrated, can interact synergistically with common B (Bc) chain-signaling cytokines
(IL-5, I1L-3, GM-CSF) to enhance eosinophil synthesis of the profibrotic enzyme MMP-9.16
TNF is elevated in patients with asthma,”: 18 and in mice, inhibition of TNF reduces
antigen-induced eosinophilic airway inflammation.19: 20

We and others have highlighted the important role of IL-3 compared to other Bc chain-
signaling cytokines in inducing or regulating expression of eosinophil cell surface
molecules.?1-26 Whether IL-3 activates eosinophils in an atopic environment is not known;
however the observation that blocking IL-5 is only partially effective in eliminating tissue
eosinophils?” raises the possibility that other eosinophil-active cytokines, such as IL-3
contribute to the presence and activation of tissue eosinophils.

Eosinophils are often associated with Th2-type airway inflammation that can lead to
fibrosis.28-30 Moreover, eosinophils have the potential to attract and activate Th1, Th2, Th17
cells31-35 and can influence fibrosis by releasing profibrotic factors.28 Considering these
established eosinophil functions and the overlapping properties of activin A, we
hypothesized that eosinophils are a source of activin A. Because TNF is a potent inducer of
activin A in several other cell types, and since TNF synergizes with Bc chain-signaling
cytokines to induce eosinophil synthesis of the remodeling factor MMP-9, we hypothesized
that eosinophils generate activin A in similar manner. Our objectives were to determine if
the combination of TNF plus a Bc chain-signaling cytokine induces eosinophil synthesis of
activin A and if, like MMP-9, eosinophil synthesis of activin A is controlled by mRNA
stabilization. Preliminary data from four subjects have been reported previously in a book
chapter.3®
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RESULTS

IL-3+TNF induces eosinophil activin A protein

Human blood eosinophils were used to investigate the conditions under which activin A is
produced and regulated. A significant and synergistic upregulation of eosinophil activin A
release during the 72 h culture was induced by the combination of IL-3+TNF but not by
TNF alone or in combination with the other Bc chain-signaling cytokines (GM-CSF or
IL-5), Th1 (IFN-y) or Th2 (IL-4) cytokines (Figure 1a). IL-3+TNF-induced activin A was
detectable 24 h after stimulation and continued to accumulate in culture supernates for 72 h
(Figure 1b).

The selective induction of activin A by IL-3+TNF was not due to changes in eosinophil
survival. While viability and survival were significantly decreased at 48 and 96 h in
eosinophils cultured in medium or TNF alone, there was no significant reduction when
eosinophils were in the presence of IL-3+TNF, GM-CSF+TNF, or IL-5+TNF (Figure 1c and
1d).

Because neutrophils are a known source of activin AL> neutrophil “add-back” experiments
were performed to address the possibility that a small number of “contaminating”
neutrophils (typically <3% of a purified eosinophil preparation) are responsible for the
activin A protein in supernatants of IL-3+TNF-stimulated eosinophils. Highly purified
(=99%) eosinophils, purified eosinophils plus addition of neutrophils to equal 3% of the total
population, and that small number of neutrophils without eosinophils were stimulated with
IL-3+TNF. The average amount of activin A in 72 h culture supernatants from highly
purified eosinophils was 405 pg/ml compared to 499 pg/ml for highly purified eosinophils
plus 3% neutrophil or 10 pg/ml for neutrophils without eosinophils (n=2).

Although eosinophils are known to store and rapidly release preformed cytokines,3’ there
was little spontaneous (medium) or rapid (within 3 h) release of activin A (Figure 1b),
implying de novo synthesis rather than release of preformed protein. Providing further
evidence that eosinophils do not store preformed activin A, activin A was evident in lysates
of freshly isolated neutrophils but was not detected in lysates of freshly isolated eosinophils
(Figure 1e).

IL-3+TNF induces rapid accumulation and stabilization of eosinophil activin mRNA

Cytokines used alone had no significant effect on activin A mRNA (/NHBA,) level (Figure
2a). GM-CSF+TNF or IL-5+TNF induced a transient rise in /NHBA mRNA that peaked
between 3 and 6 h (Figure 2a). In contrast, IL-3+TNF had a prolonged effect. At 6 h,
IL-3+TNF elicited a 2-fold increase in /NHBA mRNA compared to GM-CSF+TNF or
IL-5+TNF, and /NHBA mRNA levels remained elevated for 20 h.

The rapid and abundant accumulation of /NHBA mRNA between 3 and 6 h raised the
possibility of 1L-3+TNF-induced post-transcriptional regulation, possibly through mRNA
stabilization. The decay rates of /NHBA mRNA were determined after the addition of a
transcription inhibitor, DRB, to eosinophils that had been activated with IL-3+TNF for 4.5 h.
As calculated using the decay curves (Figure 2b), the half-life of /NHBA mRNA was nearly
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2-fold greater when eosinophils were stimulated with IL-3+TNF compared to either
cytokine alone, or the combination of GM-CSF+TNF (Figure 2¢). Importantly, the enhanced
stabilization of /NHBA mRNA induced by IL-3+TNF compared to GM-CSF+TNF may
contribute to the prolonged versus transient accumulation of /NHBA mRNA (Fig. 2A) and
may explain the abundant versus negligible protein release (Figure 1) in response to
IL-3+TNF versus GM-CSF+TNF.

MAP kinases and NF-xB are required for eosinophil generation of activin A

In eosinophils, IL-3+TNF activates MAP kinases, as well as NF-xB.16 Thus,
pharmacological inhibitors were used to determine signaling events that contribute to
IL-3+TNF-induced activin A. IL-3+TNF-induced activin A was reduced 75% by p38
MAPK or MAPK/ERK inhibition, approximately 60% by the NF-xB inhibitor, but was not
affected by blockade of the INK pathway (Figure 3).

MAP kinases are required for both the early (0-3 h) and delayed/sustained (3—-6 h) stage of
INHBA mRNA accumulation

The dichotomy between the early (0-3 h), but transient rise in /NHBA induced by GM-CSF
+TNF or IL-5+TNF, and delayed/sustained (3—6 h) mRNA accumulation induced by
IL-3+TNF suggests that /NHBA gene expression is controlled at multiple levels over time.
To determine the requirement of the MAP kinases and NF-xB in the early and the delayed
stage of /NHBA mRNA accumulation, eosinophils were pretreated with pharmacological
inhibitors, IL-3+TNF was added, and /NVHBA mRNA levels were determined 3 and 6 h later.
Expression of /INHBA mRNA at both time points was significantly reduced by inhibition of
p38 MAPK or MAPK/ERK alone and nearly abolished by simultaneous inhibition of p38
MAPK and MAPK/ERK pathways (Figure 4a). In contrast, inhibition of NF-xB had little
effect on early /NHBA mRNA expression at 3 h, but partially reduced /NHBA mRNA
accumulation 6 h after eosinophil stimulation (Figure 4b).

Prolonged MAPK activation is required for eosinophil INHBA mRNA accumulation

The reduced accumulation of eosinophil /NHBA mRNA 6 h after activation in the presence
of MAP kinase inhibitors could indicate that MAP kinases are required for a prolonged
period or that accumulation of /NHBA mRNA at 6 h (delayed stage) is simply dependent on
the early stage in a MAP kinase-independent manner. To determine whether prolonged
activation of p38 MAPK and MAPK/ERK is required, inhibitors were added 1 h before or 1
or 2 h after eosinophil stimulation with IL-3+TNF, and /VHBA mRNA was assessed at 4 h.
Simultaneous inhibition of MAPK/ERK and p38 MAPK at any time point decreased
INHBA mRNA expression by =75% (Figure 4c). When present at the initiation of the
culture or added 1 or 2 h after stimulation, the p38 MAPK inhibitor alone resulted in a 250%
reduction in accumulation of /NHBA mRNA at 4 h, suggesting that continuous activation of
the p38 MAPK pathway is necessary for optimal /NHBA mRNA synthesis over time.
Conversely, if addition of the MAPK/ERK inhibitor was delayed until 2 h after eosinophil
stimulation with IL-3+TNF, only minimal changes were seen in /NHBA mRNA
accumulation at 4 h.
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p38 MAPK and MAPK/ERK contribute to eosinophil INHBA mRNA stabilization

Since simultaneous treatment of eosinophils with p38 MAPK and MAPK/ERK inhibitors
abrogated expression of /NHBA mRNA, their effect on /NHBA mRNA stabilization was
assessed. Eosinophils were pretreated with inhibitors followed by stimulation with
IL-3+TNF for 4.5 h. Based on the mRNA decay curves from 0 to 90 min after transcription
inhibition with DRB (Figure 4d), the combination of p38 MAPK and MAPK/ERK inhibitors
versus their inactive analogs significantly reduced /NHBA mRNA stabilization (Figure 4e).

In vivo, eosinophils are a potential source of activin A under allergic conditions

To determine if eosinophils are a potential source of activin A in vivounder allergic
conditions, we used segmental airway allergen challenge to induce a strong eosinophil
response that would allow for purification of eosinophils from the airway that could then be
compared to circulating eosinophils from the same individual. The percentage of
bronchoalveolar lavage (BAL) eosinophils before and 48 h after Ag were 0.6 + 0.3 and 73.6
+ 4.6 % (mean + SD), respectively. There was also an airway allergen-induced rise in
circulating eosinophils. Total numbers of circulating eosinophils increased from 288 + 81 to
590 + 222 per mm3 in response to challenge. /NHBA mRNA levels were significantly
greater in BAL compared to circulating eosinophils (Figure 5). Airway allergen challenge
may “prime” circulating eosinophils for activin A generation. Compared to eosinophils from
individuals who did not undergo airway allergen challenge, circulating eosinophils obtained
after challenge tended to release more activin A when stimulated ex vivo with IL-3+TNF
(Figure 1S in Supplementary online material). Medians with quartiles were 214 (158, 266)
versus 110 (61-181) with a p value of 0.06. Interestingly, a large amount of activin A was
released from eosinophils obtained from a control subject (gray diamond) who had allergic
rhinitis and atopic dermatitis and was symptomatic on the day of the study due to recent
allergen exposure. When data were analyzed without this “outlier”, medians with quartiles
were 214 (158, 266) versus 97 (54-146) and the p value was 0.05.

DISCUSSION

We have established, based on ex vivo experiments, that human eosinophils can synthesize
and release activin A upon stimulation with the combination of IL-3+TNF. In addition, we
determined that IL-3+TNF synergistically stabilized /NHBA mRNA through mechanisms
involving the p38 MAPK and MAPK/ERK signaling pathways. Furthermore, prolonged p38
MAPK activation was required for activin A synthesis. These data provide the first evidence
for post-transcriptional control of /NHBA mRNA and a novel understanding of the
mechanisms that regulate activin A synthesis.

Utilizing blood and airway eosinophils obtained after airway allergen challenge in
volunteers with allergic asthma, we provided /n vivo evidence that eosinophils are a
potential source of activin A. We postulate that the greater steady-state level of activin
MRNA in airway versus circulating eosinophils is due to eosinophil activation by local
mediators present after allergen challenge and/or integrin-mediated signaling as eosinophils
migrate though the tissues.38 The atopic environment also increased the propensity of
circulating eosinophils to release activin A in response to IL-3+TNF, suggesting /n vivo
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priming.3° To our knowledge, synthesis and/or release of activin A by human eosinophils
have not been previously reported.

Although activin A has been observed in the airways of asthmatics and in mouse models of
antigen-induced airway inflammation,40: 11. 1. 9 in previous studies, its association with
eosinophils was not detected. In eosinophil-deficient mice, 1L-13 administration led to
increased concentrations of activin A in BAL fluidC demonstrating that eosinophils are not
required for airway activin A in this animal model. In a study of atopic asthmatics who
underwent an inhaled allergen challenge, Kariyawasam and colleagues found no increase in
the number of activin-positive cells in endobronchial biopsies obtained at 24 h, and
immunostaining identified neutrophils as the predominant source of activin A at that time
point.1! The discrepancies between the Kariyawasam study and ours could be due in part to
the type and timing of allergen challenge. Compared to the inhalation challenge used in the
Kariyawasam study, we administered allergen by bronchoscopy into a specific
bronchopulmonary segment. Segmental challenge leads to robust, but localized eosinophilic
airway inflammation 48 h after challenge.#! In contrast to neutrophils,1° we showed that
eosinophils do not appear to store activin A. This could also explain why immunostaining of
endobronchial biopsies identified the source of activin as neutrophils, but not eosinophils.
Ex vivo studies have shown that neutrophils store, and following stimulation with TNF,
rapidly (within hours) release activin A.15 We confirm the presence of activin A in
neutrophil lysates; however, activin A was not detected in eosinophil lysates and was not
rapidly released into culture supernates after IL-3+TNF stimulation. Furthermore, the
combination of IL-3+TNF induced de novo synthesis and subsequent sustained release of
activin A during the 72 h culture.

Cooperative interaction of signaling events downstream of TNF and the Bc chain-signaling
cytokine receptors led to different patterns of /NVHBA mRNA accumulation and protein
release. GM-CSF+TNF or IL-5+TNF induced a transient increase in mRNA that peaked
around 3 h and resulted in very little protein release. We postulate that the transient nature of
INHBA mRNA is due to its rapid decay. Compared to GM-CSF+TNF, IL-3+TNF activation
of eosinophils induced a prolonged and heightened accumulation of mMRNA with a 2-fold
greater increase in /NHBA mRNA stability. A modest increase in mMRNA stability can have a
significant impact on protein production by enhancing translation efficiency. Thus, a 2-fold
rise in MRNA half-life can result in a 10-fold increase in protein.*2 The associations among
enhanced mRNA accumulation, mRNA stability, and protein production strongly suggest
that post-transcriptional regulation of activin A by mRNA stabilization leads to increase
translation of protein. Direct proof, however, will require studies to identify and mutate the
sequences that destabilize activin A mRNA.

Optimal generation of 1L-3+TNF-induced activin A required pathways mediated by p38
MAPK and ERK, and to a lesser extent, NF-xB. The initial expression of /NHBA mMRNA
was dependent on p38 MAP kinase and ERK with little contribution from NF-xB. However,
both of the kinases and NF-xB contributed to some extent to the later (3—6 h) stage of
INHBA mRNA accumulation. The involvement of NF-xB and the observation that /NHBA
does not contain consensus sequences for NF-kB binding® may indicate induction of a
second signal that has not yet been described. Stabilization of /NHBA mRNA required
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activation of ERK and p38 MAPK. The p38 MAPK inhibitor further decreased mRNA
accumulation compared to ERK inhibition, suggesting that p38 MAPK is a candidate for
future studies to determine how signaling affects trans-elements involved in /NHBA mRNA
stabilization or destabilization.

IL-5, GM-CSF, and IL-3 signal through the pc component of their respective receptors and
have overlapping biological functions, yet IL-3 was unique in its ability to synergize with
TNF for induction of eosinophil activin A. Accumulating evidence suggests that I1L-3
influences various eosinophil functions including down-regulation of IFN-y-induced
expression of indoleamine 2,3-dioxygenase mRNA,*3 induction of eosinophil MMP-9,16
and regulation of several eosinophil cell surface proteins.21-26 The mechanisms underlying
the selectivity of IL-3 over GM-CSF or IL-5 are not completely understood. We have
recently demonstrated that in contrast to IL-5 and GM-CSF, IL-3 selectively induces
translation of the eosinophil surface protein, semaphorin 7A. The increase in translation is
due to prolonged activation of 90-kDa ribosomal S6 kinase (p90S6K) and ribosomal protein
S6 (RPS6).44 Unlike IL-3, GM-CSF and IL-5 induced transient activation of p90S6K and
RPS6, and rapid dephosphorylation of RPS6, which was phosphatase 1-dependent. Although
the mechanism intrinsic for IL-3+TNF-induced activin A are likely different from IL-3-
induced semaphorin A, it is reasonable to postulate that eosinophil activation with GM-CSF
+TNF or IL-5+TNF is limited by induction of an inhibitory factor. Future studies are
warranted to determine where the signaling pathways of IL-3/GM-CSF/IL-5 might diverge,
the effect of TNF on these pathways, and the positive and negative effects that respective
down-stream targets have on protein translation.

In conclusion, we have demonstrated that eosinophils are a source of activin A and can be
activated ex vivo by synergistic signals induced through I1L-3 and TNF. Increased activin A
mRNA in airway, compared to circulating eosinophils and the enhanced propensity of
circulating eosinophils obtained after allergen challenge to release activin A following ex
vivo stimulation with IL-3+TNF indicate that an atopic environment contributes to
eosinophil generation of activin A /n vivo. We speculate that IL-3 and TNF present in
airways during allergic inflammation induce eosinophil release of activin A with potential
contributions to immune regulation and tissue repair/remodeling.

METHODS

Human subjects

The University of Wisconsin-Madison Health Sciences Human Subjects Committee
approved the study protocols and informed written consent was obtained from each subject
prior to participation. For ex vivo mechanistic studies, blood eosinophils were obtained from
allergic subjects. To confirm /n vivo expression of activin A, eosinophils were obtained from
the circulation and bronchoalveolar lavage (BAL) fluid 48 h after segmental
bronchoprovocation with allergen (SBP-Ag) in subjects with allergic asthma. Subjects for
the SBP-Ag study included 5 males and 3 females between the age of 19 and 36 who had
mild-allergic asthma (positive skin-prick test, FEV1 93.8 + 9.3 % of predicted (mean £ SD),
and a methacholine PCyq of 1.4 (0.4, 5.0) mg/ml (geometric mean with 15t and 3 quartiles).
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Detailed methods for bronchoscopy, SBP-Ag, BAL, and eosinophil isolation have been
described previously.4®

Eosinophil purification

Cell culture

ELISA

Circulating eosinophils were purified from heparinized blood. The granulocytes were
obtained after centrifugation of HBSS-diluted blood over Percoll (1.090 g/ml), RBCs were
lysed by water (25 sec) followed by 10X concentrated HBSS. Eosinophils were negatively
selected from the granulocyte population utilizing anti-CD186, anti-CD3, and anti-CD14
immunomagnetic beads (AutoMac system, Miltenyi Biotec Inc., Auburn, CA, USA) to
deplete neutrophils, T cells, and monocytes, respectively. The eosinophil purity was >99%.
The positively selected fraction was used for Western blot analysis of activin A in
neutrophils.

Eosinophils were cultured at 1-2x106 cells/ml in RPMI-1640 containing 10% FBS and 1%
penicillin/streptomycin and stimulated with 10 ng/ml of Bc chain-signaling cytokine (IL-3,
IL-5, GM-CSF), a Th1 cytokine (IFN-vy), or a Th2 cytokine (IL-4) alone or in combination
with 10 ng/ml of TNF for up to 72 h as indicated. Pharmacological inhibitors purchased
from Calbiochem (La Jolla, CA, USA) were used to study NF-xB and the MAP kinase
pathways. For studies of activin A protein, eosinophils were preincubated for 1 h with
inhibitor and then stimulated with 1L-3+TNF as indicated. Due to variability among
eosinophils from different donors, three concentrations of the pharmacological inhibitors
and an equivalent amount of corresponding analogs were used for each donor. The
concentration of inhibitor that suppressed accumulation of activin A protein and caused the
least toxicity as measured by eosinophil survival is reported. Inhibitors included the p38
MAP kinase inhibitor SB203580 or its inactive analog SB202474 (0.5, 1, and 2 uM), the
MEK kinase inhibitor U0126 or its inactive analog U0124 (2, 5, and 10 uM), the INK
inhibitor 11 or its inactive analog 11 (5, 10, and 20 uM), or the NF-xB inhibitor BAY 11-7082
(1, 2, and 4 uM). Based on the protein studies, the most appropriate inhibitor concentrations
were used for mRNA analysis. U0126 and its analog were used at 2 uM, and SB203580 and
its analog were used at 0.5 pM.

Concentrations of activin A were determined using R&D Systems Duoset antibodies
(Minneapolis, MN, USA).

Immunoprecipitation

Eosinophil or neutrophil cell pellets (from 15 million cells) were lysed in buffer containing
10mM Tris HCI (pH 7.48), 0.1 mM NaCl, ImM EDTA, 1mM EGTA, 1mM NaF, 14mM
NasP,07, 2mM NazVOy, 0.1% Triton X-100, 0.1% SDS, mammalian cocktail protease
inhibitors (Sigma-Aldrich Corp, St. Louis, MO, USA) and 1mM PMSF.#¢ The suspension
was sonicated five times with 5 second pulses (output setting 0.5, Sonicator 3000, Misonix,
Farmingdale, NY, USA), repeatedly passed through a syringe (28 gauge needle), and
clarified by centrifugation (12 000 x g/10 min/4 °C). The lysate was incubated at 4°C for
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24-30 h with protein G-coupled magnetic beads (EMD Millipore Corp, Billerica, MA,
USA) coated with polyclonal goat anti-human activin A antibody (R&D Systems). The
beads were collected with a magnet and resuspended in 20 pl of non-reducing lithium
dodecyl sulfate sample buffer (Thermo Fisher Scientific, Grand Island, NY, USA). Samples
were heated to 90°C for 5 min and loaded onto a 13.5 % SDS-PAGE gel.

Western blotting

SDS-PAGE gels (13.5%) were run with a constant current of 30 mA and a voltage ceiling of
160V, and then transferred to a PVDF membrane for 1h at 100V. Membranes were blocked
with 5% nonfat dry milk in TRIS-buffered saline with 0.1% Tween 20. Protein was detected
with a primary mouse monoclonal anti-human activin A ab (clone 69403, R&D Systems)
and a secondary HRP-conjugated goat anti-mouse ab (Life Technologies, Grand Island, N,
USA). Imaging was then performed with SuperSignal ™ West Femto chemiluminescent
substrate (Life Technologies) on an Alpha Innotech FluoroChem™ HD imager.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Activin A is comprised of two inhibin BA subunits encoded by the /NHBA gene.3 mRNA
levels of /NHBA and the reference gene B-glucuronidase (GUSB) were analyzed by RT-
gPCR and fold-change was calculated using the comparative cycle threshold (Ct) method
(270ACY a5 described previously.26

MRNA decay

The transcription inhibitor 5,6-dichloro-1-beta-ribofuranosyl benzimidazole (DRB, 25
pg/ml) was added to eosinophil cultures 4.5 h after addition of stimuli (cytokines at 10
ng/ml) and eosinophils were harvested 30, 60, and 90 min thereafter. /NHBA mRNA levels
present immediately before addition of DRB (T=0 h) were set to 100%. The % of /NHBA
mRNA remaining compared to T=0 h was presented for each time point after the addition of
DRB. The half-life of mMRNA was defined as the time required to attain a 50% reduction of
mRNA after DRB addition.*’

Statistical analysis

The outcome measurements—activin A concentration, INHBA mRNA fold-change and %
inhibition, eosinophil % viability and % survival—were compared across experimental
conditions and time points using linear mixed effect models, with fixed effect terms for
condition, or for condition, time, and condition-by-time interaction, as appropriate, and a
random effect term for subject to account for within-subject correlation. Multiple pairwise
comparisons were conducted only in the presence of a significant ANOVA F-test using
Fisher’s protected least significant difference method. Activin A concentrations and INHBA
mRNA fold-changes were log-transformed for analysis. Analyses were conducted using
SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). A two-sided p-value less than 0.05
was regarded as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Immunol Cell Biol. Author manuscript; available in PMC 2016 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly et al.

Page 10

Acknowledgments

Th

is work was supported by The National Institutes of Health (HL088594, HL087950, UL1RR025011, HL56396,

and MO1RR03186).

The authors thank the research volunteers who participated in this study, the Eosinophil Core facility (Sameer
Mathur, M.D., Ph. D.) staff for blood eosinophil purification, the Clinical Core (Loren Denlinger, M.D., Ph. D.)
including our research nurse coordinators for subject recruitment, screening, and bronchoscopy, and Mike Evans,

M.

S., from the Biostatistics and Medical Informatics Department for assistance with data analysis. This work is

dedicated to the memory of our colleague and friend the late Paul Bertics, Ph.D. The authors are indebted to him for

his

References
1.

10

11.

12.

13.

14.

15.

scientific insight, encouragement to pursue this study, and eternal optimism.

Semitekolou M, Alissafi T, Aggelakopoulou M, Kourepini E, Kariyawasam HH, Kay AB, et al.
Activin-A induces regulatory T cells that suppress T helper cell immune responses and protect from
allergic airway disease. J Exp Med. 2009; 206:1769-1785. [PubMed: 19620629]

. Xia 'Y, Schneyer AL. The biology of activin: recent advances in structure, regulation and function. J

Endocrinol. 2009; 202:1-12. [PubMed: 19273500]

. Hedger MP, Winnall WR, Phillips DJ, de Kretser DM. The regulation and functions of activin and

follistatin in inflammation and immunity. Vitam Horm. 2011; 85:255-297. [PubMed: 21353885]

. Hedger MP, de Kretser DM. The activins and their binding protein, follistatin-Diagnostic and

therapeutic targets in inflammatory disease and fibrosis. Cytokine Growth Factor Rev. 2013,;
24:285-95. [PubMed: 23541927]

. Hardy CL, Rolland JM, O’Hehir RE. The immunoregulatory and fibrotic roles of activin A in

allergic asthma. Clin Exp Allergy. 2015; 45:1510-22. [PubMed: 25962695]

. Ogawa K, Funaba M, Chen Y, Tsujimoto M. Activin A functions as a Th2 cytokine in the promotion

of the alternative activation of macrophages. J Immunol. 2006; 177:6787-6794. [PubMed:
17082592]

. Sierra-Filardi E, Puig-Kroger A, Blanco FJ, Nieto C, Bragado R, Palomero Ml, et al. Activin A

skews macrophage polarization by promoting a proinflammatory phenotype and inhibiting the
acquisition of anti-inflammatory macrophage markers. Blood. 2011; 117:5092-5101. [PubMed:
21389328]

. Scutera S, Riboldi E, Daniele R, Elia AR, Fraone T, Castagnoli C, et al. Production and function of

activin A in human dendritic cells. Eur Cytokine Netw. 2008; 19:60-8. [PubMed: 18299275]

. Hardy CL, Nguyen HA, Mohamud R, Yao J, Oh DY, Plebanski M, et al. The activin A antagonist

follistatin inhibits asthmatic airway remodelling. Thorax. 2013; 68:9-18. [PubMed: 23051972]

. Cho SH, Yao Z, Wang SW, Alban RF, Barbers RG, French SW, et al. Regulation of activin A
expression in mast cells and asthma: its effect on the proliferation of human airway smooth muscle
cells. J Immunol. 2003; 170:4045-4052. [PubMed: 12682233]

Kariyawasam HH, Pegorier S, Barkans J, Xanthou G, Aizen M, Ying S, et al. Activin and
transforming growth factor-beta signaling pathways are activated after allergen challenge in mild
asthma. J Aller Clin Immunol. 2009; 124:454-462.

Apostolou E, Stavropoulos A, Sountoulidis A, Xirakia C, Giaglis S, Protopapadakis E, et al.
Activin-A overexpression in the murine lung causes pathology that simulates acute respiratory
distress syndrome. Am J Respir Crit Care Med. 2012; 185:382-391. [PubMed: 22161160]
Verhamme FM, Bracke KR, Amatngalim GD, Verleden GM, Van Pottelberge GR, Hiemstra PS, et
al. Role of activin-A in cigarette smoke-induced inflammation and COPD. Eur Respir J. 2014;
43:1028-41. [PubMed: 24232707]

Matsuse T, Ikegami A, Ohga E, Hosoi T, Oka T, Kida K, et al. Expression of immunoreactive
activin A protein in remodeling lesions associated with interstitial pulmonary fibrosis. Am J
Pathol. 1996; 148:707-713. [PubMed: 8774126]

Chen'Y, Wu H, Winnall WR, Loveland KL, Makanji Y, Phillips DJ, et al. Tumour necrosis factor-
alpha stimulates human neutrophils to release preformed activin A. Immunol Cell Biol. 2011,
98:889-896. [PubMed: 21445090]

Immunol Cell Biol. Author manuscript; available in PMC 2016 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 11

Kelly EA, Liu LY, Esnault S, Quinchia Johnson BH, Jarjour NN. Potent synergistic effect of 1L-3
and TNF on matrix metalloproteinase 9 generation by human eosinophils. Cytokine. 2012;
58:199-206. [PubMed: 22321809]

Broide DH, Lotz M, Cuomo AJ, Coburn DA, Federman EC, Wasserman Sl. Cytokines in
symptomatic asthma airways. J Allergy Clin Immunol. 1992; 89:958-967. [PubMed: 1374772]

Brown SD, Brown LA, Stephenson S, Dodds JC, Douglas SL, Qu H, et al. Characterization of a
high TNF-alpha phenotype in children with moderate-to-severe asthma. J Allergy Clin Immunol.
2015; 135:1651-4. [PubMed: 25725987]

Hutchison S, Choo-Kang BSW, Bundick RV, Leishman AJ, Brewer JM, Mclnnes IB, et al. Tumour
necrosis factor-alpha blockade suppresses murine allergic airways inflammation. Clin Exp
Immunol. 2008; 151:114-122. [PubMed: 17931392]

Maillet I, Schnyder-Candrian S, Couillin I, Quesniaux VF, Erard F, Moser R, et al. Allergic lung
inflammation is mediated by soluble tumor necrosis factor (TNF) and attenuated by dominant-
negative TNF biologics. Am J Respir Cell Mol Biol. 2011; 45:731-9. [PubMed: 21297077]
Celestin J, Rotschke O, Falk K, Ramesh N, Jabara H, Strominger J, et al. IL-3 induces B7. 2
(CD86) expression and costimulatory activity in human eosinophils. J Immunol. 2001; 167:6097—
6104. [PubMed: 11714768]

Dulkys Y, Kluthe C, Buschermohle T, Barg I, Knoss S, Kapp A, et al. IL-3 induces down-
regulation of CCR3 protein and mRNA in human eosinophils. J Immunol. 2001; 167:3443-3453.
[PubMed: 11544337]

Yoshimura-Uchiyama C, Yamaguchi M, Nagase H, Matsushima K, Igarashi T, Iwata T, et al.
Changing expression of IL-3 and IL-5 receptors in cultured human eosinophils. Biochem Biophys
Res Commun. 2003; 309:26-31. [PubMed: 12943658]

Munitz A, Bachelet I, Eliashar R, Khodoun M, Finkelman FD, Rothenberg ME, et al. CD48 is an
allergen and IL-3-induced activation molecule on eosinophils. J Immunol. 2006; 177:77-83.
[PubMed: 16785501]

Cook EB, Stahl JL, Schwantes EA, Fox KE, Mathur SK. IL-3 and TNFalpha increase Thymic
Stromal Lymphopoietin Receptor (TSLPR) expression on eosinophils and enhance TSLP-
stimulated degranulation. Clin Mol Allergy. 2012; 10:8. [PubMed: 22838633]

Esnault S, Kelly EA, Johansson MW, Liu LY, Han S-H, Akhtar M, et al. Semaphorin 7A is
expressed on airway eosinophils and upregulated by IL-5 family cytokines. Clin Immunol. 2014;
150:90-100. [PubMed: 24333536]

Darveaux J, Busse WW. Biologics in asthma--the next step toward personalized treatment. J
Allergy Clin Immunol Pract. 2015; 3:152-60. [PubMed: 25754716]

Aceves SS, Broide DH. Airway fibrosis and angiogenesis due to eosinophil trafficking in chronic
asthma. Curr Mol Med. 2008; 8:350-358. [PubMed: 18691061]

Kita H. Eosinophils: multifaceted biological properties and roles in health and disease. Immunol
Rev. 2011; 242:161-177. [PubMed: 21682744]

Shamri R, Xenakis JJ, Spencer LA. Eosinophils in innate immunity: an evolving story. Cell Tissue
Res. 2011; 343:57-83. [PubMed: 21042920]

Liu LY, Mathur SK, Sedgwick JB, Jarjour NN, Busse WW, Kelly EA. Human airway and
peripheral blood eosinophils enhance Thl and Th2 cytokine secretion. Allergy. 2006; 61:589-598.
[PubMed: 16629789]

Liu LY, Bates ME, Jarjour NN, Busse WW, Bertics PJ, Kelly EA. Generation of Th1l and Th2
chemokines by human eosinophils: evidence for a critical role of TNF-alpha. J Immunol. 2007;
179:4840-4848. [PubMed: 17878383]

Akuthota P, Wang HB, Spencer LA, Weller PF. Immunoregulatory roles of eosinophils: a new look
at a familiar cell. Clin Exp Allergy. 2008; 38:1254-1263. [PubMed: 18727793]

Jacobsen EA, Ochkur Sl, Pero RS, Taranova AG, Protheroe CA, Colbert DC, et al. Allergic
pulmonary inflammation in mice is dependent on eosinophil-induced recruitment of effector T
cells. J Exp Med. 2008; 205:699-710. [PubMed: 18316417]

Esnault S, Kelly EA, Nettenstrom LM, Cook EB, Seroogy CM, Jarjour NN. Human eosinophils
release IL-1P and increase expression of IL-17A in activated CD4(+) T lymphocytes. Clin Exp
Allergy. 2012; 42:1756-1764. [PubMed: 23181791]

Immunol Cell Biol. Author manuscript; available in PMC 2016 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 12

Kelly, EAB. Potential role of eosinophils and tumor necrosis factor alpha in tissue remodeling. In:
Lee, JJ.; Rosenberg, HF., editors. Eosinophils in health and disease. Elsevier’s; Oxford, UK: 2013.
p. 404-411.

Spencer LA, Bonjour K, Melo RC, Weller PF. Eosinophil secretion of granule-derived cytokines.
Front Immunol. 2014; 5:496. [PubMed: 25386174]

Johansson MW, Mosher DF. Integrin activation states and eosinophil recruitment in asthma. Front
Pharmacol. 2013; 4:33. [PubMed: 23554594]

Luijk B, Lindemans CA, Kanters D, van der HR, Bertics P, Lammers JW, et al. Gradual increase in
priming of human eosinophils during extravasation from peripheral blood to the airways in
response to allergen challenge. J Allergy Clin Immunol. 2005; 115:997-1003. [PubMed:
15867857]

Hardy CL, Lemasurier JS, Olsson F, Dang T, Yao J, Yang M, et al. IL-13 regulates secretion of the
TGF-p superfamily cytokine activin A in allergic airway inflammation. Amer J Resp Cell Mol
Biol. 2009; 42:667-675.

Calhoun W), Jarjour NN, Gleich GJ, Stevens CA, Busse WW. Increased airway inflammation with
segmental versus aerosol antigen challenge. Am Rev Respir Dis. 1993; 147:1465-71. [PubMed:
8389107]

Rajagopalan LE, Malter JS. Turnover and translation of in vitro synthesized messenger RNAs in
transfected, normal cells. J Biol Chem. 1996; 271:19871-19876. [PubMed: 8702698]
Odemuyiwa SO, Ghahary A, Li Y, Puttagunta L, Lee JE, Musat-Marcu S, et al. Cutting edge:
human eosinophils regulate T cell subset selection through indoleamine 2,3-dioxygenase. J
Immunol. 2004; 173:5909-5913. [PubMed: 15528322]

Esnault S, Kelly EA, Shen ZJ, Johansson MW, Malter JS, Jarjour NN. IL-3 maintains activation of
the p90S6K/RPS6 pathway and increases translation in human eosinophils. J Immunol. 2015;
195:2529-39. [PubMed: 26276876]

Liu LY, Sedgwick JB, Bates ME, Vrtis RF, Gern JE, Kita H, et al. Decreased expression of
membrane IL-5R alpha on human eosinophils: I. Loss of membrane IL-5 alpha on eosinophils and
increased soluble IL-5R alpha in the airway after antigen challenge. J Immunol. 2002; 169:6452—
6458. [PubMed: 12444154]

Spencer LA, Szela CT, Perez SAC, Kirchhoffer CL, Neves JS, Radke AL, et al. Human eosinophils
constitutively express multiple Th1, Th2, and immunoregulatory cytokines that are secreted
rapidly and differentially. J Leukocyte Biol. 2009; 85:117-123. [PubMed: 18840671]

Esnault S, Shen ZJ, Whitesel E, Malter JS. The peptidyl-prolyl isomerase Pinl regulates
granulocyte-macrophage colony-stimulating factor mRNA stability in T lymphocytes. J Immunol.
2006; 177:6999-7006. [PubMed: 17082615]

Immunol Cell Biol. Author manuscript; available in PMC 2016 September 22.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly et al.

(@]

Eosinophil viability (%)

Page 13
p<0.001 b
a O Medium *
800 * __ goo- W IL5+TNFT 1t
=5 E V GM-CSF+TNF'
£ 8 s00- S goo{ A IL-3+TNF
&7 <
< S 400- = 400
c @ >
%5 p=0.003 2 200
© e ] _ == < N
< 2004 p=ns o=ns p=ns p=ns *
N~ —_— —_— 04
0 ﬁ j=5| ﬁ == ] =] E_EE_EE_ T T T
TNF: = &k = & - + - + = = b 3 24 48 72
" medium IL-3 GM-CSF IL-5 IFN-y IL-4 Incubation time (hours)
1001 *f MWM rhActNeut Eos
*T <100 ot kDA - — — ——
T R + 75—
751 = :’r 5~
= 75 37—
5
5010 Medium* 2 O Medium* 25—
= 50 u -
& TNFT S |[O TNt 20—+
25| W IL5+TNF £ 95| W IL5+TNF 15—
V GM-CSF+TNF qu V GM-CSF+TNF
. A ILBTNE ' 0 A ILBHTNF : 10-
0 48 96 0 48 96

Incubation time (hours)

Figurel.

Incubation time (hours)

Synergistic induction of eosinophil activin A release by IL-3+TNF, but not GM-CSF+TNF
or IL-5+TNF. (a) Concentrations of activin A in supernatant fluid from eosinophils (2x10°
cells/ml) stimulated for 72 h with indicated cytokines (10 ng/ml) without (white bars) or
with (gray bars) TNF (10 ng/ml). Data are represented as mean+SEM of experiments on
eosinophil preparations from 5-12 individual subjects with 12 paired samples for medium
only, IL-5+TNF, GM-CSF+TNF, and IL-3+TNF. IL-3+TNF stimulation is significantly
greater than (<0.05) than all other stimulations. (b) Kinetics of activin A generation by
eosinophils cultured for 3, 24, 48, or 72 h with medium alone (white circles), IL-5+TNF
(dark gray squares), GM-CSF+TNF (gray down triangles), or IL-3+TNF (black up
triangles). Data are represented as mean+SEM of experiments on eosinophil preparations
from 5 subjects. *p<0.05 versus medium, Tp<0.05 versus stimulation with

IL-5+TNF, ¥p<0.05 versus stimulation with GM-CSF+TNF. (c) and (d) Viability and
survival were assessed by exclusion of trypan blue. Viability (c) is expressed as the
percentage of viable cells and survival (d) as the percentage of viable cells compared to
viable cells plated at TO. Data are represented as mean=SEM of experiments on eosinophil
preparations from 3 subjects *p<0.05 versus medium, Tp<0.05 versus TNF. (€)
Immunoprecipitation (15 million cells) and immunoblotting of neutrophil or eosinophil
lysates prepared from freshly isolated cells. Activin A standard was loaded at 1.5 ng.
Markers were run on the same gel, but photographed separately. Blot is a representative
example of experiments on eosinophil preparations from 3 subjects.
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Figure2.
Kinetics and stabilization of eosinophil activin A mRNA (/NHBA) induced by pc chain-

signaling cytokines with or without TNF. (a) Kinetics: eosinophils were cultured for 0, 3, 6,
10, and 20 h with medium (white circles), IL-5 (white squares), GM-CSF (white down
triangles), IL-3 (white up triangles), TNF (white diamonds), IL-5+TNF (dark gray squares),
or GM-CSF+TNF (light gray down triangles), IL-3+TNF (black up triangles),. Levels of
INHBA mRNA (encoding the inhibin BA subunits of activin A) were determined by RT-
gPCR, normalized to GUSB, and expressed as fold change (2722Ct) from 0 h. Data are
mean+SEM of experiments on eosinophil preparations from 3 subjects. *p<0.05 versus
medium, Tp<0.05 versus TNF, and *p<0.05 vs IL-5+TNF at corresponding time point (b)
MRNA decay curves and calculated half-life time: eosinophils were cultured for 4.5 h with
medium alone (white circles), IL-3 (white up triangles), TNF (white diamonds), IL-3+TNF
(black up triangles), or GM-CSF+TNF (gray down triangles). After addition of DRB, cells
were harvested at T=0, 30, 60, and 90 min and /NHBA mRNA was quantified by RT-gPCR.
Data were normalized to GUSB and expressed as the % mRNA remaining compared to TO.
Data are represented as the mean of experiments on eosinophil preparations from 3-5
subjects. The half-life time (ty/2) of /INHBA mRNA in resting eosinophils is depicted
graphically by the line crossing the 50% remaining point. (d) Calculated half-life time: The
bar graph depicts the calculated half-life time (t1/) for each experiment expressed as mean
+SEM. *p<0.05 for IL-3+TNF activation versus resting (medium alone) or cells stimulated
with other cytokines.
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Figure 3.

Effect of MAP kinase and NF-xB inhibitors on IL-3+TNF-induced eosinophil activin A.
Eosinophils were preincubated for 1 h with the p38 MAPK inhibitor SB203580 or its
inactive analog SB202474, the MAPK/ERK kinase inhibitor U0126 or its inactive analog
U0124, the INK inhibitor 11 or its inactive analog, or the NF-xB inhibitor BAY 11-7082 (no
analog available), and then they were stimulated with IL-3+TNF for 24 h. Concentrations of
activin A were measured in cell culture supernatant fluid by ELISA. Data are represented as
mean=SEM of eosinophil preparations from 7 subjects. The p values for specific inhibitor
versus its analog are indicated on the graph.*p<0.05 versus IL-3+TNF alone (black bar and

dotted line).
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Effect of MAP kinase and NF-xB inhibitors on activin A mRNA (/NHBA) accumulation
after eosinophil stimulation with IL-3+TNF. (a) Eosinophils were preincubated for 30 min
with the p38 MAPK inhibitor SB203580 or its inactive analog SB202474, the MAPK/ERK
kinase inhibitor U0126 or its inactive analog U0124, or the NF-xB inhibitor BAY 11-7082
(no analog available) as indicated, IL-3+TNF was added (T=0 h). Cells were harvested (a) 3
h or (b) 6 h after addition of IL3+TNF. /VHBA mRNA was quantified by RT-gPCR. Data
were normalized to GUSB and expressed as fold change (222Ct) from T=0 h. Data are an
average of experiments on eosinophil preparations from 5 subjects. The p values for specific
inhibitor versus its analog are indicated on the graph.*p<0.05 versus IL-3+TNF without
inhibitor (black bar). (c) Eosinophils were stimulated for a total of 4 h with IL-3+TNF. The
p38 MAP kinase inhibitor SB203580 or the MEK kinase inhibitor U0126 or their analogs
were added singly or together 30 min before (white bars) or 1 (gray bars) and 2 h (black
bars) after activation. /INHBA mRNA was quantified by RT-gPCR. Data were normalized to
GUSB and fold change from resting eosinophils was determined. Results are expressed as %
inhibition compared to eosinophils cultured with IL-3+TNF in the presence of respective
inactive analogs using the formula: [1-(fold /NHBA mRNA increase with inhibitor(s)/fold
INHBA mRNA increase with analogs) x 100]. Data are presented as mean+SEM of
eosinophil preparations from 3 subjects. (d) mMRNA decay curves: eosinophils were

Immunol Cell Biol. Author manuscript; available in PMC 2016 September 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kelly et al.

Page 17

pretreated for 30 min with the p38 MAP kinase inhibitor SB203580 in combination with the
MEK kinase inhibitor U0126 (black circles) or a combination of the respective inactive
analogs SB202474 and U0124 (white circles). Eosinophils were stimulated with IL-3+TNF
for 4.5 h before addition of the transcription inhibitor DRB and cells were harvested at T=0,
30, 60, and 90 min. /INHBA mRNA was quantified by RT-qgPCR. Data were normalized to
GUSB and expressed as the % of MRNA remaining compared to T=0h. The half-life time
(t172) of INHBA mRNA in eosinophils treated with inhibitors is depicted graphically by the
line crossing the 50% remaining point. (e) Calculated half-life time: the half-life of /NHBA
MRNA calculated for each experiment and expressed as mean+SEM of experiments on
eosinophil preparations from 3 subjects.
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Figureb5.
Evidence of /n vivo expression of activin A by human eosinophils Steady-state levels of

INHBA mRNA were determined by RT-qPCR in eosinophil preparations with purity >99%.
Eosinophils are from blood and BAL of 7 subjects who underwent segmental allergen
challenge 48 h earlier. Data were normalized to GUSB and expressed as fold change
(2-BACY) compared to a single blood eosinophil sample from a control subject who did not
undergo SBP-Ag.
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