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PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS

Tribl regulates eosinophil lineage commitment and
identity by restraining the neutrophil program
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Eosinophils and neutrophils are critical for host defense, yet gaps in understanding how

. granulocytes differentiate from hematopoietic stem cells (HSCs) into mature effectors
@ Trib1 controls both

eosinophil lineage
commitment and
identity.

remain. The pseudokinase tribbles homolog 1 (Trib1) is an important regulator of gran-
ulocytes; knockout mice lack eosinophils and have increased neutrophils. However, how
Trib1 regulates cellular identity and function during eosinophilopoiesis is not understood.

® Trib1 integrates IL-5 Trib1 expression markedly increases with eosinophil-lineage commitment in eosinophil

and C/EBPa signals to
promote eosinophil
lineage fidelity by
suppressing the
neutrophil program.

progenitors (EoPs), downstream of the granulocyte/macrophage progenitor (GMP). Using
hematopoietic- and eosinophil-lineage-specific Trib1 deletion, we found that Trib1 regu-
lates both granulocyte precursor lineage commitment and mature eosinophil identity.
Conditional Trib1 deletion in HSCs reduced the size of the EoP pool and increased neu-
trophils, whereas deletion following eosinophil lineage commitment blunted the decrease
in EoPs without increasing neutrophils. In both modes of deletion, Trib1-deficient mice
expanded a stable population of Ly6G* eosinophils with neutrophilic characteristics and functions, and had increased
CCAAT/enhancer binding protein « (C/EBPa) p42. Using an ex vivo differentiation assay, we found that interleukin 5
(IL-5) supports the generation of Ly6G* eosinophils from Trib1-deficient cells, but is not sufficient to restore normal
eosinophil differentiation and development. Furthermore, we demonstrated that Trib1 loss blunted eosinophil mi-
gration and altered chemokine receptor expression, both in vivo and ex vivo. Finally, we showed that Trib1 controls
eosinophil identity by modulating C/EBP«. Together, our findings provide new insights into early events in myelo-
poiesis, whereby Trib1 functions at 2 distinct stages to guide eosinophil lineage commitment from the GMP and
suppress the neutrophil program, promoting eosinophil terminal identity and maintaining lineage fidelity. (Blood.
2019;133(22):2413-2426)

sequences that bind the E3 ubiquitin ligase COP1.8"2 Mice with
germline deletion of Trib1 lack “M2" macrophages and eosi-
nophils, and have more neutrophils, a phenotype that is influ-
enced by the failure of Trib1 to promote CCAAT/enhancer
binding protein a (C/EBPa) protein degradation.'® Myelopoiesis
is unaffected in mice lacking Trib2 or Trib3.13.14

Introduction

Hematopoietic cells depend on a finely balanced network of
signaling pathways to progress from multipotent progenitors to
terminal effectors and maintain cellular identity. Eosinophils and
neutrophils are vital for host defense yet contribute to the
pathogenesis of many atopic and inflammatory conditions.?
These subsets develop from the granulocyte/macrophage
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progenitor (GMP),® and eosinophils subsequently arise from
a downstream committed interleukin 5 (IL-5) receptor a-positive
(IL-5Ra*) eosinophil progenitor (EoP) in the bone marrow (BM).*
However, how eosinophil lineage commitment is regulated is
not well understood.

Recent work implicates the tribbles pseudokinase family in
myelopoiesis. Tribbles proteins primarily act as adaptors to
promote protein degradation and/or sequestration.>” There are
3 mammalian tribbles homologs (Trib1-3) that are defined by
a central serine/threonine kinase-like domain and C-terminal
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Although previous work revealed alterations in myeloid pop-
ulations with Trib1 loss, the identity of the factors involved in
lineage choice during granulopoiesis and terminal granulocyte
identity are not well established. Using hematopoietic- and
eosinophil-lineage—specific Trib1 deletion, we found that Trib1
regulates both granulocyte precursor lineage commitment and
mature cell identity. Conditional Trib1 deletion in hematopoietic
stem cells (HSCs) reduced the size of the EoP pool whereas
deletion following eosinophil lineage commitment blunted the
decrease in EoPs. In both modes of deletion, Trib1-deficient
mice expanded a stable population of Ly6G* eosinophils that
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failed to repress neutrophilic characteristics and functions. These
cells had increased C/EBPa p42, and C/EPBa knockdown partly
restored normal eosinophil development in the absence of
Trib1 in vivo. We further demonstrated that Trib1 suppressed
the neutrophil gene program in lineage-committed eosinophil
precursors in response to IL-5. Additionally, IL-5 was unable to
restore normal eosinophil differentiation or expansion from
Trib1-deficient progenitors. We found that loss of Trib1 blunted
eosinophil migration as Trib1-deficient eosinophils were only
partly mobilized in response to type 2 lung inflammation or to
eotaxin ex vivo. Together, our findings provide new insights into
early steps in granulocyte development, where Trib1 acts at
2 distinct stages to control eosinophil lineage commitment from
the GMP and suppress the neutrophil program in response to
IL-5, promoting eosinophil terminal identity and lineage fidelity.

Materials and methods

Mice

Conditional Trib1 mice (cTrib1; C57BL/6-Trib 1t ™! Taconic)'®
were bred with VavCre® (TglVevi-crellGraf) mice’® to generate
Trib14HSC mice. EoCre™* mice (Epxt™'-1lereblee) 17 3 gift from James
Lee (Mayo Clinic, Scottsdale, AZ), were bred with cTrib1 mice to
generate Trib145* mice, and then with Rosa26-YFP reporter mice
(Gt[ROSAJ26Sorm1EYFFICos, The Jackson Laboratory) to generate
Trib14Ee=YF" mice. All Trib1** (wild-type [WT]) mice used were
either VavCre* or EoCre™, as appropriate, with the WT cTrib1 allele.
All mice were on the C57BL/6 background and analyzed between
5 and 12 weeks of age. Animals were housed in a specific
pathogen-free facility at the University of Pennsylvania. Experi-
ments were performed according to the guidelines from the
National Institutes of Health with approved protocols from the
University of Pennsylvania Animal Care and Use Committee.

Flow cytometry and cell sorting

A complete list of antibodies is provided in supplemental Table 1
(available on the Blood Web site). For complete methods, see
supplemental Methods. For GMP and common myeloid pro-
genitor (CMP) sorting, the lineage panel included Sca1, CD3g,
CD19,B220,NK1.1, Ter-119,CD127,CD11b, and Gr-1. The EoP
lineage panel mirrored that for GMP/CMP sorting, except
CD11b was excluded and Scal was gated out separately. Cells
were analyzed on an LSR Il or LSR Fortessa flow cytometer (BD)
and data were analyzed with FlowJo software v.9.7 (TreeStar).
Cells were sorted on a FACSAria Il (BD) using a 70-um nozzle at
70 psi. Gating strategies for mature cells (supplemental Figure 1A-B)
and progenitors (supplemental Figure 1C-D) are provided. The
frequency of live cells is shown on flow cytometry plots.

Ex vivo eosinophil culture

Eosinophils were generated ex vivo as previously described.'®
Briefly, either whole BM or sorted GMPs were seeded at 1 X 10°
cells per milliliter in RPMI 1640 media (Corning) supplemented
with 15% fetal bovine serum (HyClone), 1% penicillin/streptomycin
(Gibco), 2 mM L-glutamine (Gibco), T mM sodium pyruvate (Gibco),
10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(Gibco), and 50 wM 2-mercaptoethanol (Sigma-Aldrich), in the
presence of 100 ng/mL recombinant human FMS-like tyrosine
kinase 3 ligand (PeproTech) and 100 ng/mL recombinant
murine stem cell factor (PeproTech) and cultured for 4 days.
On day 4, nonadherent cells were counted and resuspended
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at 1 X 10¢ cells per milliliter in the above RPMI 1640 media
supplemented with 10 ng/mL recombinant murine IL-5 (PeproTech).
The media was changed on day 8, and every 2 days thereafter,
and cells were resuspended at 1 X 10¢ cells per milliliter with
fresh IL-5. On days 10 to 14, cells were counted and processed
for RNA or flow cytometry.

Phagocytosis assay
See supplemental Methods.

Transwell chemotaxis assay

Cultured eosinophils or whole BM were isolated and resus-
pended in RPMI 1640 medium with no phenol red (Gibco),
supplemented with 0.5% low endotoxin bovine serum albumin
(Sigma-Aldrich). A total of 1 X 10¢ cells were loaded in the upper
chamber of a 6.5-mm transwell insert with a 5.0-um pore poly-
carbonate membrane (Coming). The lower chamber contained
media alone or media with keratinocyte-derived cytokine (KC)/
CXCL1 (50 ng/mL; PeproTech) or eotaxin/CCL11 (500 ng/mL;
BioLegend). Cells were allowed to migrate for 2 hours at 37°C,
then collected, counted, and analyzed by flow cytometry. Whole
BM was used as a control for cell migration.

Cytospins and light and electron microscopy
See supplemental Methods.

BM transplantation and C/EPBa shRNA knockdown
For mixed chimeras, CD45.1* BM was mixed 1:1 with CD45.2
Trib1+/* or Trib14H5C BM and 2 X 10¢ cells were injected via the
tail vein into lethally irradiated C57BL/6.SJL mice (Charles River
Laboratories). Mice were analyzed at 12 to 20 weeks posttransplant.
For C/EPBa short hairpin RNA (shRNA) knockdown, cells were
processed and transduced as described.'* Briefly, BM was collected
from Trib1** or Trib14H5¢ mice 4 days after IV administration of
5-fluorouracil (250 mg/kg). Cells were transduced with lentivirus
and 1 X 10¢ cells were injected IV into lethally irradiated recip-
ients. Mice were analyzed at 9 weeks posttransplant.

Constructs and retroviruses

Production of high-titer virus was performed as described.’
Briefly, lentiviral pLKO.1 shRNA constructs'” were cotransfected
into 293T cells (ATCC) with pMDL (gag-pol), pRSV-Rev, and
pHIT123 (envelope). shRNA constructs expressed green fluo-
rescent protein (GFP).

Papain treatment

Mice anesthetized with isoflurane (Phoenix) received 30 pL of
intranasal phosphate-buffered saline (PBS) or 30 pg of papain
(Millipore) daily for 5 days and were euthanized 24 hours later.
Lungs were harvested following retrograde flushing through the
heart with PBS, and were digested with collagenase D (Roche)
and DNasel (Sigma-Aldrich) for 45 minutes at 37°C. Lung digests
were passed through a 70-um filter and processed for flow
cytometry.

Immunoblotting
See supplemental Methods for detailed immunoblotting
methods.

qPCR

See supplemental Methods for detailed quantitative polymerase
chain reaction (qPCR) methods.
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Figure 1. Trib1 expression increases with eosinophil commitment and is required for EoP homeostasis. (A) Model of eosinophil and neutrophil development from the HSC
including the EoP. (B) Trib1 expression in sorted CMP, GMP, and EoP from WT C57BL/6 mice relative to 18s, normalized to Trib1*/* neutrophils; representative of 3 experiments.
(C) Relative expression of TRIBTin human CMP and eosinophils (obtained from the differentiation map data set) using BloodSpot.¢> (D) gPCR from Trib1+/* and Trib 1455 whole
BM assayed for Trib1 expression relative to 18s, normalized to Trib1*/* BM; representative of 3 experiments. (E) Representative plots of BM EoP, gated on live, lineage CD34*
cells. Frequency of live cells (F) and absolute number (G) of BM EoP; n = 4 mice per group, representative of 2 experiments. *P = .0131; **P = .0013; ****P < .0001; unpaired
Student t test. Frequencies and error bars are mean = standard error of the mean (SEM) of live cells.

Results

Trib1 regulates eosinophil lineage commitment
from the GMP

To understand Trib1 function in eosinophil commitment, we
determined its expression in myeloid progenitors. During mu-
rine eosinophilopoiesis, EoPs arise from GMPs* (Figure 1A).
We measured Trib1 messenger RNA expression in CMPs, GMPs,
and EoPs, and found that Trib7 is more highly expressed in
EoPs compared with CMPs or GMPs (Figure 1B). TRIBT is also

Trib1 CONTROLS EOSINOPHIL DEVELOPMENT AND IDENTITY

upregulated during human eosinophil differentiation (Figure 1C),*
in which eosinophils arise from the CMP.2" To investigate how
Trib1 modulates granulocyte development, we generated mice
expressing VavCre'é and a conditional Trib1 allele™ to delete Trib1
in all postembryonic hematopoietic cells (Trib147). Trib1 deletion
was validated by gPCR in the BM compared with mice expressing
VavCre alone (Trib1**) (Figure 1D). Similar to Trib1 germline
knockout mice," Trib14H¢ mice had increased neutrophils and
markedly decreased eosinophils in the spleen, blood, lung, and
colon (supplemental Figure 2A-l; data not shown).
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Figure 2. Ly6G* eosinophils are expanded in Trib1-deficient BM. (A) Representative plots of eosinophils in the BM from Trib1*/* and Trib14H¢ mice, gated on live, CD11b"

cells. Frequency of live cells (B) and absolute number of eosinophils (C) in the BM from Trib1*/* and Trib1475¢ mice; n = 24 mice per group, pooled from 7 experiments.
(D) Representative histogram of Ly6G expression by SiglecF*CCR3~ (left) and SiglecF*CCR3* (right) eosinophils, Trib1*/* (blue), Trib14HSC (red). (E) Percentage of CCR3~ and
CCR3* eosinophils expressing LyéG. (F) Absolute number of BM CCR3* eosinophils by Ly6G expression; n = 11-12 mice per group pooled from 4 experiments. (G) Epx and
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Our conditional Trib1 deletion model provided the oppor-
tunity to investigate the effect of Trib1 deletion on the dy-
namics of eosinophil differentiation and identity, which was
not previously explored. Analysis of different myeloid de-
velopmental subsets in Trib14H5¢ mice showed that the CMP
and GMP populations were unperturbed (supplemental
Figure 2J-L); whereas the EoP population was significantly
decreased (Figure 1E-G). These data not only show that Trib1
expression is induced following GMP differentiation, but also
that this increased expression functionally impacts eosinophil
commitment in an early progenitor.

Trib1415¢ mice expand a population of Ly6G+
eosinophils in the BM

Given that the EoP defect occurred with Trib1 loss, we next
examined terminal eosinophil maturation. As eosinophils mature
in the BM, they gain expression of CCR3.22 Both CCR3"~ and
CCR3* eosinophils were present in the BM of Trib14H5¢ mice
(Figure 2A-C), and the number of CCR3" eosinophils was in-
creased in Trib14"5¢ BM, accompanied by a decrease in the
frequency and number of CCR3~ eosinophils (Figure 2A-C).
Strikingly, nearly all CCR3* eosinophils in Trib14Hs¢ BM
expressed surface Ly6G, a neutrophil-specific antigen®® (Figure
2D-E). A higher frequency of CCR3" cells expressed Ly6G com-
pared with CCR3~ cells (Figure 2D-E). The Ly6G*SiglecF*CCR3*
cells found in Trib14H5¢ mice were similar in number to Ly6G~
eosinophils in Trib1** BM (Figure 2F). Trib14H5€Ly6G* eosi-
nophils had reduced expression of the eosinophil granule
protein gene eosinophil peroxidase (Epx; Figure 2G), but
maintained high side scatter, as well as surface expression of
Ly6C, F4/80, and IL-5Ra (CD125) (supplemental Figure 3A-B).
Additionally, CCR3 and CXCR2 expression were unchanged
(supplemental Figure 3C), whereas CXCR4 expression was in-
creased (supplemental Figure 3C-D). In contrast to Trib1+/*CCR3*
eosinophils, Trib14"¢ eosinophils trended toward increased
expression of the neutrophil secondary granule protein gene
lactoferrin (Ltf, Figure 2H), and had hypersegmented nuclear
architecture (supplemental Figure 3E-F). These cells were also
present in chimeras engrafted with Trib1*/* and Trib14Hsc
BM (supplemental Figure 3G), establishing the cell-intrinsic
nature of this population.

For a detailed morphological characterization of Trib14HS¢
eosinophils, cells were prepared for conventional transmission
electron microscopy.?* Both Trib1*/* and Trib14"¢ eosinophils
showed a typical cytoplasmic population of large, specific
granules with a crystalloid electron-dense core and an outer
electron-lucent matrix, delimited by a membrane (Figure 2I-J).
This unique granule morphology is specific to eosinophils.?
The cytoplasm of Trib14H5¢ eosinophils also showed numer-
ous smaller, less dense, round or elongated structures, which
resembled neutrophil-specific granules (Figure 2K); thus,
Ly6G* eosinophils from Trib14HS¢ mice contain granules

typical of both eosinophils and neutrophils. Consistent with
these neutrophil-like characteristics, Trib14"5¢ eosinophils
were more phagocytic than their WT counterparts (Figure 2L-
M). Together, these data suggest that Trib1 controls terminal
eosinophil identity by repressing aspects of the neutrophil
program.

Deletion of Trib1 following eosinophil lineage
commitment results in a stable population of BM
eosinophils that does not transition to

other lineages

We observed an expansion of Ly6G* eosinophils with charac-
teristics of both eosinophils and neutrophils in the BM of
Trib14HS¢ mice, suggesting that these cells may be a gran-
ulocyte lineage intermediate that is capable of transitioning
to either the neutrophil or eosinophil lineage. To test their
developmental potential, we used a fate tracking strategy to
follow the effects of Trib1 loss after eosinophil lineage
commitment. Using mice expressing Cre under the control of
the Epx promoter (EoCre),'” we generated mice lacking
Trib1 in EoPs and eosinophils (Trib14E°<). We verified Trib1
deletion in BM-derived eosinophils from Trib14E°s mice
compared with mice expressing EoCre alone (Trib1*/*;
supplemental Figure 4A). We next crossed Trib14E° mice to
a YFP reporter mouse,?® resulting in YFP expression in
EoCre-expressing cells (Trib14EesYFP; Figure 3A). Nearly all
YFP-expressing Trib14EesYF* BM cells were SiglecF* eosi-
nophils, the majority of which expressed Lyé6G, whereas
YFP™* neutrophils (SiglecF~Lyé6G*) or other cells were absent
(Figure 3B-F). Some eosinophils from Trib14Es"** BM had
lower SiglecF expression, but resembled eosinophils by side
scatter and F4/80 expression (data not shown). These data
confirm that Trib1-deficient Ly6G* eosinophils develop from
eosinophil-committed cells and do not transition to other
lineages.

To determine when in development Trib1 modulates eosinophil
identity, we further characterized the Trib14E° mice. In contrast
to Trib14H5¢ mice, we observed a much smaller reduction in EoP
numbers in Trib14Es BM (Figure 4A-C). Additionally, there was
an expansion of CCR3" eosinophils in Trib14Es BM (Figure
4D-F), however, few eosinophils were detected in the periphery
(supplemental Figure 4B-F). The majority of Trib14Es BM
eosinophils expressed Ly6G (Figure 4G-H), similar to
Trib14H5¢ mice. In a notable difference from the Trib14Hs¢
mice, which show a neutrophil expansion (supplemental Fig-
ure 2A-l), the frequency and number of neutrophils were un-
changed in the spleen, blood, and BM of the Trib14Es mice
(Figure 4l1-K; supplemental Figure 4B-F). Together, these
findings reveal that Trib1 regulates 2 distinct stages of eo-
sinophil development: lineage commitment and terminal
differentiation.

Figure 2 (continued) (H) Ltf expression in sorted BM CCR3" eosinophils (SiglecF*CCR3"F4/80*CD11b™) relative to 18s and normalized to Trib1*/* neutrophils; n = 2 mice per
group, representative of 4 experiments. *P < .0232; **P < .0084; ****P < ,0001; unpaired Student t test. (I-J) Representative electron micrographs of sorted BM CCR3*
eosinophils show typical eosinophil-specific granules (boxed areas in panels | and J) with a centrally located crystalloid electron dense core in both Trib1+/* (I) and Trib14Hs¢
(J) eosinophils. (K) The cytoplasm of Trib1-deficient eosinophils also contains numerous round and smaller structures similar to neutrophil-specific granules. Representative
of 2 experiments with a total of 75 electron micrographs evaluated. (L) Phagocytosis assay using pHrodo red-labeled Escherichia coli bioparticles with whole BM gated on
Trib1*/* neutrophils (filled gray), Trib1*/* CCR3" eosinophils (blue), and Trib14H5¢ CCR3* eosinophils (red). (M) Quantification of pHrodo red expression by CCR3* BM
eosinophils; n = 7 mice per group, pooled from 3 experiments. *P < .0232; **P < .0084; ****P < .0001; unpaired Student ttest. Frequencies and error bars are mean = SEM

of live cells. N, nucleus; ns, not significant.

Trib1 CONTROLS EOSINOPHIL DEVELOPMENT AND IDENTITY
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Figure 3. Trib1-deficient Ly6G* eosinophils are a stable population that does not transition to other lineages. (A) Model of fate-tracking EoCre-mediated deletion of Trib1,
and hypothesis of a full transition of LyéG* eosinophils from Trib145°s BM to neutrophils. (B) Representative plots of BM from Trib1%/* or Trib14E=Y" mice, gated on live cells.
(C) Representative plots of YFP* BM cells gated on live, YFP* cells. (D) Distribution of YFP* cells by SiglecF and LyéG expression, as a fraction of YFP* BM cells; n = 3 mice per
group, representative of 4 experiments. (E) Representative histogram of Ly6G expression on YFP*SiglecF*CCR3* cells, Trib1%/* (blue), Trib14EsYF (red). (F) Frequency of Ly6G
expression on YFP*SiglecF*CCR3* cells; n = 11 mice per group, pooled from 4 experiments. ****P < .0001; unpaired Student t test. Frequencies and error bars are mean = SEM
of live cells. SSC-A, side scatter area.

Trib1 represses the neutrophil program in compared with Trib1*/* cells (Figure 5D-E; supplemental
developing eosinophils ex vivo Figure 5B). Regardless of deletion timing, the majority of

eosinophils produced by either Trib14H5C or Trib14Ees BM
The cytokine IL-5 is sufficient to drive eosinophil development were Ly6G* (Figure 5F-5I; supplemental Figure 5A-B). In
ex vivo.??8 To assess the ability of exogenous IL-5 to restore addition, neutrophils were the predominant population in
normal eosinophil development from Trib1-null progenitors, we the Trib1475C cultures (Figure 5B-C; supplemental Figure 5A),
used a previously described ex vivo culture system' (Figure 5A). but were not increased in the Trib14E°s BM cultures compared
After culture with IL-5, Trib1*/* BM yielded a large population of with Trib1*/* cultures (Figure 5D-E; supplemental Figure 5B). To
eosinophils and, consistent with previous data, these cultures determine whether lineage-restricted progenitors gave rise to
also yielded ~20% Ly6G* eosinophils.?? Trib14H5¢ BM yielded Ly6G™* eosinophils, we sorted and cultured GMPs from Trib1+/*
far fewer eosinophils than Trib1*/* BM at day 10 of culture and Trib14"5¢ mice. Trib1 expression increased from undetectable
(Figure 5B-C; supplemental Figure 5A); by day 14 of culture, levels to detectable levels by day 4 of culture, and continued to
eosinophils were nearly absent (data not shown). In contrast, increase post-IL-5 addition (supplemental Figure 5C). After 10 days
cultures of Trib14Ees BM, in which Trib1 is deleted post-lineage of culture, most of the eosinophils generated from the Trib1+/*
commitment, showed no difference in eosinophil output GMPs were Ly6G~, whereas the relative frequency of Ly6G*
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eosinophils increased in the Trib14"¢ GMP cultures (Figure 5J-K).
The enrichment was especially prominent in the more mature
CCR3* eosinophil population (Figure 5L), similar to both the
in vivo (Figure 2D-E) and whole BM culture data (Figure 5F-I).
Moreover, neutrophils were the dominant population in the
Trib14HSC GMP cultures, but nearly absent in the Trib1+/*
cultures (Figure 5J-K). Together, these data further reinforce
the dual role of Trib1 in granulocyte development. Trib1 acts
prior to eosinophil lineage commitment to increase eosino-
philic potential, whereas Trib1 acts both before or following
lineage commitment to repress the expansion of Lyé6G*
eosinophils.

We next sorted eosinophils and neutrophils from day 10 IL-5
cultures of Trib1*/* and Trib14HS¢ BM to measure differences in
gene expression. TribT expression was highest in Trib1+/*
neutrophils and absent in Trib14"5¢ cells (Figure 5M). Epx
expression was highest in Ly6G~ eosinophils derived from
either Trib1*/* or Trib14"5¢ BM and lower in Ly6G* eosino-
phils derived from either Trib1*/* or Trib14H5¢ BM (Figure 5N).
Ltf was expressed in neutrophils but not eosinophils (Ly6G*
or Ly6G~) from Trib1*/* BM. In contrast, Ltf expression was
increased in both eosinophils and neutrophils derived from
Trib14H5¢ BM (Figure 50). These data suggest that Trib1
inhibits neutrophil gene expression in order to promote
eosinophil development. In the absence of Trib1, de-
veloping progenitors are unable to extinguish or are biased
toward the neutrophil program, beginning at or prior to the
GMP stage.

To assay the functional capability of cells derived from the IL-5
culture system, we performed transwell assays to measure cell
migration to eotaxin (CCL11) or KC (CXCL1), which attracts
eosinophils®*3' or neutrophils,3?3 respectively (supplemental
Figure 5D,G). Eosinophils derived from cultured Trib1*/* BM
migrated to eotaxin with greater efficiency than to KC, as
expected (supplemental Figure 5E-F). LyéG* eosinophils
derived from Trib14H5C- and Trib14Ees-cultured cells also mi-
grated to eotaxin, albeit with reduced efficiency, and mini-
mally migrated to KC (supplemental Figure 5E-F). The
Trib14"5C-derived neutrophils also migrated to KC (supple-
mental Figure 5H), indicating that these cells functionally
resemble bona fide neutrophils. As few neutrophils were
produced from Trib1*/* IL-5 cultures, we were unable to
analyze their migration. Thus, both the eosinophils and
neutrophils derived from Trib1-deficient cultures migrated to
their respective attractants/chemokines, indicating that these
are functionally competent granulocytes.

Trib1-deficient eosinophils show impaired
mobilization in response to lung inflammation

The Ly6G* eosinophils present in Trib1475¢ and Trib 148 mice
are predominantly restricted to the BM and do not transition
to other lineages (Figures 3 and 4). To determine whether
these cells can be mobilized, Trib1*/* and Trib14Es mice
were treated intranasally with papain, a protease allergen that
stimulates eosinophil recruitment to the lung.?*3¢ Papain-
treated Trib14E°s mice mobilized eosinophils to the lung and
distal sites; however, the magnitude of mobilization was de-
creased (Figure 6A-C; supplemental Figure 6). Nearly all of the
eosinophils recruited to the lungs of Trib145es mice post-
papain treatment were Ly6G* (Figure 6D-E). These data show
that the Ly6G™* eosinophils generated by Trib1-deficient BM
are bona fide eosinophils, as they are mobilized in response
to type 2 inflammation; however, Trib1 is required for optimal
migration.

Trib1 modulates granulocyte identity in part
through regulation of C/EBP«

C/EBPa is a key regulator of granulocyte development'?-37-3? and
is a target of Trib1-mediated protein degradation.'®404! We
hypothesized that Trib1 modulates C/EBPa protein levels in
order to regulate granulocyte development. We measured the
expression of C/EBPa protein in sorted BM neutrophils and
CCR3~ and CCR3* eosinophils from Trib1*/* and Trib14H¢
mice. Strikingly, C/EBPa p42 protein expression was increased
in all 3 populations (Figure 7A). We also measured expression of
GATA1 and C/EBPe, 2 key transcription factors in eosinophil
development,*?4¢ in CCR3* eosinophils from Trib1** or
Trib14H5¢ mice. GATAT expression was not affected, whereas
C/EBPe, a target of C/EPBa during granulopoiesis,' was in-
creased in the absence of Trib1 (supplemental Figure 7A).

To determine whether C/EBPa upregulation was responsible
for altered granulocyte development in the absence of Trib1,
we knocked down C/EBPa in hematopoietic progenitors
from Trib1*/* or Trib14"S¢ mice using 2 previously validated
shRNAs,'? transplanted the cells into recipients, and assessed
BM eosinophils by flow cytometry after 9 weeks (Figure 7B-D;
supplemental Figure 7B). We also sorted GFP* BM cells to
assess knockdown efficiency (Figure 7B). We observed de-
creased Ly6G expression on SiglecF* eosinophils in the BM of
recipients reconstituted with Trib14H5¢ progenitors transduced
with C/EBPa shRNAs B9 and B11 (Figure 7D). Together, these
findings indicate that Trib1 modulates C/EBPa levels to promote
eosinophil cell identity.

Figure 5. Trib1 represses the neutrophil (Neu) program ex vivo. (A) Schematic of ex vivo eosinophil differentiation assay. Frequency of live cells (B) and day 10 cell output (C)
using Trib1*/* or Trib14HSC BM. Frequency: n = 5 mice per group, pooled from 3 experiments; cell output: n = 3 wells per group, representative of 4 experiments. Frequency of
live (D) cells and day 10 cell output (E) using Trib1*/* or Trib14E* BM. Frequency: n = 3 mice per group, representative of 6 experiments; cell output: n = 3 wells per group,
representative of 5 experiments. (F) Representative histogram of LyéG expression on SiglecF*CCR3* eosinophils from Trib1*/* (blue) or Trib1475¢ (red) IL-5 cultures. (G)
Frequency of Ly6G expression on SiglecF*CCR3* cells at day 10; n = 3 mice per group, representative of 4 experiments. (H) Representative histogram of Ly6G expression on
SiglecF*CCR3* eosinophils from Trib1*/* (blue) or Trib148° (red) IL-5 cultures. (I) Frequency of Lyb6G expression on SiglecF*CCR3* cells; n = 3 mice per group, representative
of 6 experiments. Eosinophils gated CD11b*SiglecF*CCR3*; neutrophils gated CD11b*LyéG*SiglecF~. (J) Representative plots of day 10 IL-5 cultures of sorted GMPs from
Trib1*/* and Trib14H5¢ mice, gated on live, CD11b* cells. (K) Quantification of Ly6G expression on SiglecF*CCR3* cells at day 10 of IL-5 GMP culture; n = 3-5 wells per genotype,
representative of 2 experiments. (L) Quantification of granulocyte output at day 10 IL-5 culture of sorted GMPs; n = 3-5 wells per genotype, representative of 2 experiments.
gPCR analysis of sorted neutrophils (CD11b*Ly6G *SiglecF~), and Ly6G~ and Ly6G* eosinophils (CD11b*SiglecF*CCR3*) from day 10 IL-5 culture of Trib1*/* and Trib14H5¢ BM
for Trib1 (M), Epx (N), and Ltf (O), relative to 18s, normalized to Trib1*/* neutrophils; n = 3, representative of 2 experiments. **P < .0084; ***P = .0002; ****P < .0001; unpaired
Student t test. Frequencies and error bars are mean = SEM of live cells. SCF, stem cell factor.
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Figure 6. Partial rescue of Trib1-deficient eosinophil mobilization in response to type 2 lung inflammation. Mice were treated for 5 days with intranasal PBS or 30 ng of
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(blue), Trib14es (red). (E) Fraction of lung eosinophils expressing Ly6G; n = 3 mice per group, representative of 2 experiments. Frequencies and error bars are mean = SEM of

live cells.

Discussion

Differentiation of hematopoietic cells from multipotent pro-
genitors to terminally differentiated cells requires early pro-
genitors to establish a unique cellular identity through activating
and repressing specific gene sets. Previous work using germline
Trib1 knockout mice demonstrated that eosinophil numbers
were suppressed and neutrophil numbers were enhanced in the
absence of Trib1,”® yet at what developmental stage Trib1
functioned was unknown. We found that Trib1 is expressed in
EoPs, but is undetectable in CMPs and GMPs, with similar dy-
namics in human eosinophil development, suggesting a role for

2422 & blood® 30 MAY 2019 | VOLUME 133, NUMBER 22

Trib1 at the earliest stages of eosinophil development. We show
that Trib1 acts at 2 distinct points during eosinophil de-
velopment, as revealed through stage-specific deletion studies.
Trib1 loss in HSCs leads to a selective decrease in EoPs and
a concomitant increase in neutrophils, suggesting that blocking
early eosinophil commitment shunts myeloid progenitors toward
neutrophils. In contrast, Trib1 loss in EoPs using EoCre does not
impact eosinophil fidelity.

We observe a marked expansion of a LyéG™* eosinophil pop-

ulation in Trib1-deficient BM, in contrast to WT mice, where
Ly6G is primarily restricted to neutrophils.?® Ly6G* eosinophils
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Figure 7. Trib1 regulates C/EPBa levels to control eo-

sinophil identity. (A) C/EBPa immunoblot analysis of sorted A

neutrophils (CD11b*Ly6G*SiglecF~F4/807), and CCR3~ and Neutrophil CCR3Eos CCR3* Eos

CCR3" eosinophils (CD11b*SiglecF*F4/80*) from the BM of

Trib1+/* and Trib14"5C mice; B-actin is the loading control. X é”o X Qf”o N Q{”Q

Representative of 2 experiments. (B) C/EBPa immunoblot 0 N '\ 0 3 \ '\ '\
&\ ,\&\ «\ ,\Q\ ,\&\ ,\&\

analysis of sorted GFP* BM cells from mice transplanted with
shRNA-transduced BM cells, 9 weeks after transplantation
with B-actin as a loading control. shLuc control targets firefly
luciferase; shB9 and shB11 target Cebpa. Sorted GFP* cells
from 3 representative mice are shown. Representative of 2
experiments. (C) Percentage of GFP™ cells expressing control
or C/EBPa shRNAs B9 or B11 cells expressing SiglecF with
surface expression of SiglecF. Representative of 2 experiments.
(D) Mean fluorescence intensity (MFI) of LyéG expression on BM B
eosinophils (GFP*CD11b*SiglecF*) expressing either control or

_ﬁ-aCtin

Trib1*/* GFP*

Trib14H5C GFP*

C/EBPa shRNAs B? or B11; n = 4-5 mice per group, repre-
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shB9 shB11 shLuc shB9 shB11

sentative of 2 experiments. **P < .0052, 2-way analysis of variance
with multiple comparisons. Frequencies and error bars are
mean * SEM of GFP™ cells.
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express aspects of the neutrophil program (Figure 2D-M), which
is partly mediated by C/EBPa (Figure 7C-D); this phenotype is
also observed in eosinophils generated ex vivo from Trib1-
deficient progenitors. IL-5 alone is not sufficient to restore
normal eosinophil differentiation in the absence of Trib1, but
supports the generation of Ly6G* eosinophils from both the
Trib14H5C and Trib 14 cells ex vivo (Figure 5F-I). Additionally, IL-5
cannot drive eosinophil expansion of Trib14H¢ cells ex vivo,
possibly due to a reduction in EoPs. This is in contrast to the slight
expansion of CCR3* eosinophils we observe in vivo in Trib14H5¢
BM (Figure 2C). This suggests that there are additional factors that
support this population in vivo and/or their altered CXCR4 ex-
pression (supplemental Figure 3C-D) contributes to BM retention.
Nevertheless, these data suggest that Trib1 is required to both
specify the eosinophil lineage and guide its proper differentiation.

Ly6G™* eosinophils are also present in WT BM, albeit at a much
lower frequency, and are predominantly found among CCR3~
eosinophils (Figure 2D-F). In contrast, in Trib1-deficient mice,
Ly6G expression tracked with CCR3 acquisition, with more
Trib1-deficient CCR3" eosinophils expressing LyéG compared
with CCR3~ eosinophils (Figure 2D-E). Additionally, a small
population of Lyé6G* eosinophils was identified in WT murine
lungs following fungal allergen challenge, as well as in ex vivo
eosinophil cultures of WT BM.?? Our studies provide new in-
sights into the characteristics and maintenance of this population
by Trib1. We hypothesize that without Trib1, aspects of the

Trib1 CONTROLS EOSINOPHIL DEVELOPMENT AND IDENTITY

neutrophil gene program are active, which stabilizes the existing
Ly6G* CCR3~ and/or CCR3" eosinophil populations. The Trib1-
deficient Ly6G* eosinophils phenotypically and functionally
resemble eosinophils, yet also fail to repress neutrophilic char-
acteristics, including expression of Ly6G, increased phagocytosis,
and neutrophil-type granules. Increased phagocytosis and nu-
clear hypersegmentation are observed in certain activated eo-
sinophil subsets,*”%? possibly suggesting a functional relevance
for Trib1 in these cells.

Our Trib1 knockout studies show that there are multiple alter-
ations in granulocyte output from Trib1-deficient progenitors
depending on the timing of deletion, suggesting that Trib1
exerts important effects at different stages of development. Our
data show that GMPs lacking Trib1 produce both eosinophils
and neutrophils when cultured with IL-5, whereas WT GMPs
primarily generate eosinophils (Figure 5J-K), suggesting that
Trib1 modulates lineage priming of myeloid progenitors. We do
not observe a neutrophil expansion in vivo when Trib1 is spe-
cifically deleted in eosinophils, further suggesting that Trib1
regulates early lineage commitment independently of terminal
identity. A recent report identified a SiglecF*IL-5Ra~ progenitor
population that yielded neutrophils.*® It is unknown whether
Trib1 modulates this population; however, our data suggest that
Trib1 may be required to balance the neutrophil and eosinophil
lineage programs in these developing progenitors. Although we
do not observe Trib1 expression in the bulk GMP population,
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recent work identified Trib1 expression in individual CMP and
GMP cells.>' Furthermore, recent reports show that individ-
ual myeloid progenitors may be “precommitted” to a specific
lineage.®'* Future studies are required to determine whether
Trib1 influences eosinophil lineage priming in CMPs or GMPs, prior
to the EoP stage, and to delineate the precise origin of these cells.

As reported, cells lacking Trib1 have increased amounts of
C/EBPa' (Figure 7A). The precise regulation of C/EBPa is critical
in myeloid development,'?37-395455 and neutrophils express
higher levels of C/EBPa than eosinophils (Figure 7A). Further-
more, knockdown of C/EBPa partly normalized eosinophil dif-
ferentiation in the absence of Trib1 (Figure 7B-D), suggesting
that Trib1 controls eosinophil identity by regulating C/EPBa
levels. Our observation of increased C/EBPe expression in Trib1-
deficient eosinophils (supplemental Figure 7A) is consistent
with the ability of C/EPBa to upregulate C/EBPe during gran-
ulopoiesis, possibly altering granule development.” These find-
ings suggest that Trib1 normally represses the neutrophil gene
program in developing eosinophils, partly by decreasing C/EBPa
protein expression, in order to promote eosinophil development.
Importantly, our data suggest that precise regulation of C/EPBa
by Trib1 is required for proper granulocyte development.

Although our papain challenge and transwell migration studies
indicate that functional eosinophils are present in Trib1-deficient
mice, eosinophil migration was altered (Figure 6; supplemental
Figure 5E-F). Of particular interest is our finding that CXCR4 is
increased on Trib1-deficient BM eosinophils (supplemental
Figure 3C-D). We hypothesize that increased CXCR4 expression
on Trib1-deficient BM eosinophils limits egress of these cells
from the BM.*¢%7 This expands BM eosinophils (Figures 2A-C
and 4D-F), reduces peripheral eosinophil numbers (supple-
mental Figure 2D-I) and decreases migration (Figure 6). Previous
studies in mutant mice defined defects in eosinophil production
due to alterations in transcription factors or granule proteins, or
changes in eosinophil recruitment due to loss of CCR3 or
eotaxin.**>8-¢4 Our current study shows that Trib1 also influences
eosinophil production and recruitment. How Trib1 signals in-
tegrate with these other pathways remains to be defined.

In summary, our studies reveal Trib1 as a key regulator of eo-
sinophil development and homeostasis. We find that Trib1 plays
roles both at the earliest stages of eosinophil commitment,
as well as in eosinophil identity and function, by influencing
the response to cytokine signals and precisely tuning levels
of C/EBPa. These findings clarify long-standing questions in
granulopoiesis regarding regulation of cell lineage choice and
identity, and provide a path forward in the study of eosinophil
and neutrophil development.
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