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PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS

T-cell–restricted T-bet overexpression induces aberrant hematopoiesis of
myeloid cells and impairs function of macrophages in the lung
Shoichi Iriguchi,1,2 Norihiro Kikuchi,3,4 Shin Kaneko,1,2 Emiko Noguchi,5 Yuko Morishima,3 Masashi Matsuyama,3

Keigyou Yoh,6 Satoru Takahashi,7-10 Hiromitsu Nakauchi,1 and Yukio Ishii3

1Center for Stem Cell Biology and Regenerative Medicine, University of Tokyo, Tokyo, Japan; 2Center for iPS Cell Research and Application, Kyoto University,

Kyoto, Japan; 3Department of Respiratory Medicine, University of Tsukuba, Tsukuba, Japan; 4Kasumigaura Medical Center, Tsuchiura, Japan; 5Department of

Medical Genetics, 6Department of Nephrology, and 7Department of Anatomy and Embryology, University of Tsukuba, Tsukuba, Japan; 8International Institute for

Integrative Sleep Medicine, University of Tsukuba, Tsukuba, Japan; 9Life Science Center, Tsukuba Advanced Research Alliance, University of Tsukuba,

Tsukuba, Japan; and 10Laboratory Animal Resource Center, University of Tsukuba, Tsukuba, Japan

Key Points

• Mice overexpressing T-bet
in T cells show aberrant
hematopoiesis of myeloid
cells and functional conversion
of regional macrophages.

• The mice developed a severe
PAP-like disease with a
hematopoietic disorder
resembling the human disease.

Although overexpression of T-bet, a master transcription factor in type-1 helper T lympho-

cytes, has been reported in several hematologic and immune diseases, its role in their

pathogenesis is not fully understood. In the present study, we used transgenic model

mice (T-bettg/wtandT-bettg/tg) to investigate theeffectsofT-betoverexpressionselectively in

T lymphocytes on the development of hematologic and immune diseases. The results

showed thatT-betoverexpression inTcells spontaneously inducedmaturationarrest in the

mononuclearphagocyte lineage,aswell asspontaneousdermatitisandpulmonaryalveolar

proteinosis (PAP)-like disease inT-bettg/wt andT-bettg/tgmice, respectively.T-bettg/tg alveoli

with the PAP phenotype showed remarkable reorganization of alveolar mononuclear

phagocytesubpopulationsand impaired function, inaddition toaugmentedT-cell infiltration.

In addition, PAP development in T-bettg/tg mice was found to be associated with increased

migration of myeloid cells from the bone marrow into the peripheral blood. These findings

reveal anunexpected linkbetweenT-bet overexpression inT lymphocytes and thedevelop-

ment ofPAPcausedby reorganizationofmononuclear phagocytes in the lung, andprovide new insight into themolecular pathogenesis

of secondary PAP accompanied by hematologic disorders. (Blood. 2015;125(2):370-382)

Introduction

Naı̈veCD41Tcells differentiate intovarious subsets, including type-1
helper (Th1), type-2 helper, type-17 helper, T-follicular helper, and
regulatory T cells, in response to specific stimuli provided by cells of
the innate immune system, and in response to signals driven by the
major histocompatibility complex:peptide complex. The transcription
factor T-bet was originally identified as a T-cell transcription factor
regulating the Th1 cell differentiation program.1 T-bet not only pro-
motes the expression of IFN-g, a Th1 cytokine, it also activates CD41

T cells while suppressing the type-2 helper, type-17 helper, and
T-follicular helper cell differentiation programs, and it is also a critical
regulator for controlling antimicrobial type 1 inflammatory responses
that coordinate gene expression in other immune cells.2Because of its
expression in Th1-type CD41 T cells, T-bet dysregulation has been
implicated in various immunopathological, autoimmune, and hema-
topoietic disorders. For example, aberrant T-bet expression can be a
driving force in inflammatory diseases,3 and several studies have
reported augmented IFN-g production and T-bet expression in
CD41 T cells infiltrating affected lesions in patients with Crohn

disease.4,5 T-bet–mediated expression of IFN-g also appears to play
a key role in the pathogenesis of type 1 diabetes, an organ-specific
autoimmune disease.6 Notably, a considerable number of aplastic
anemia patients show constitutive expression of T-bet, although the
mechanism by which this occurs remains unclear.7-9 It is anticipated
that understanding the function of T-bet expression in these diseases
will be beneficial for the development of new therapeutics.

To that end, the human CD2–T-bet-transgenic (hCD2-T-bet tg)
mouse was generated and used to study the contribution made by
T-bet to the pathogenesis of inflammatory diseases. T-bet expression
in thesemice is under the control of the humanCD2 promoter, which
allows it to be expressed exclusively in CD2-expressing cells.10,11

In the present study, we further explored these mice, focusing in
particular on the hematopoietic system, especially hematopoiesis of
the mononuclear phagocyte lineage. Unexpectedly, we found that
aged transgenic mice homozygous for the hCD2–T-bet tg allele
spontaneously developed a pulmonary disease resembling human
pulmonary alveolar proteinosis (PAP), a rare lungdisorder characterized
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by the accumulation of surfactant protein within alveolar spaces due to
functional defects in alveolar macrophages, and accompanied by local
and bone marrow (BM) mononuclear phagocyte dysregulation.

The molecular pathogenesis has been identified as disruption of
granulocyte-macrophage colony-stimulating factor (GM-CSF) sig-
naling caused by a genetic mutation of the GM-CSF receptor in most
cases of the hereditary form of PAP, and by neutralizing anti–GM-
CSF autoantibodies in the idiopathic form of the disease, now referred
toasautoimmunePAP.12-18Ascomparedwith thehereditary and auto-
immune forms, little is known about the pathogenesis of secondary
PAP, which is associated with underlying diseases that include
hematologic disorders, immunologic diseases, infections, and various
toxic inhalation syndromes. Of note, its associationwithmyelodys-
plastic syndrome (MDS) has also been well documented.19-23 The
findings of the present study demonstrate an unexpected link between
T-bet overexpression in T lymphocytes and PAP development caused
by functional and maturation impairment of mononuclear phagocytes
in the lung, and provide new insight into themolecular pathogenesis of
secondary PAP accompanied by hematologic disorders.

Methods

Animals and samples

Generation of the CD2–T-bet transgenic lines has been described previously.11

T-bet transgenicmicewere inbredwith C57BL/6mice for at least 8 generations
before use in experiments. Genotype was determined by polymerase chain
reaction (PCR), using specific primers (see supplemental Table 1 on the Blood
Web site). Mice were maintained under specific pathogen-free conditions. The
InstitutionalAnimalCare andUseCommittee approvedall animal experiments;
and the InstitutionalReviewBoards of the respective universities, in accordance
with the Declaration of Helsinki, approved the animal study and use of human
samples.

Microarray analysis

The RNAs from the lungs were extracted using RNeasy Mini Kit (Qiagen,
Venlo, TheNetherlands). TheRNAwas reverse transcribed using ReverTra
Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan). The prepared com-
plementary RNAswere hybridizedwith anAgilentmicroarray slide (Whole
Mouse Genome) according to the manufacturer’s instructions (Agilent
Technologies, Santa Clara, CA), after which it was scanned with a scanner.
The obtained data were analyzed using GeneSpring software (Agilent
Technologies).

Colony-forming cell assays

BM cells (BMCs) were seeded at a density of 5 3 104 cells/35-mm dish in
methylcellulose medium (MethoCult M3234; STEMCELL Technologies,
Vancouver, BC, Canada) supplemented with 50 ng/mL murine stem cell
factor (PeproTech,RockyHill,NJ), 10ng/mLIL-3 (PeproTech), 10ng/mL IL-6
(R&D Systems, Minneapolis, MN), 3 U/mL erythropoietin (PeproTech), and
30 U/mL thrombopoietin (PeproTech). The cells were then cultured at 37°C
under5%CO2.Onday10, the numbersof colonieswere countedand stained for
colony scoring.

Formacrophage-colony stimulating factor (M-CSF) treatment, the prepared
BMCswere seeded intoMethoCult supplementedwith the cytokinesmentioned
above, plus 10 ng/mL murine M-CSF (PeproTech) and assayed as described
above.

Peripheral blood (PB) examinations

Complete blood counts (CBCs) were obtained using an automated counter
(CelltacaEK-6358; Nihon Kohden, Tokyo, Japan). For flow cytometric
analysis, the pellets of blood cells were stained with a cocktail of diluted

directly conjugated fluorescent antibodies (supplemental Table 2) at room
temperature for 15 minutes. The cells were then washed with phosphate-
buffered saline containing 3% (v/v) fetal bovine serum, centrifuged, and
resuspended in the same buffer with 1 mg/mL of propidium iodide.

Immunohistochemistry

After incubation with 3% hydrogen peroxide to inhibit endogenous peroxidase
activity, lung sections were immunostained with antisurfactant protein (SP)-A
(1:200 dilution, ab115791; Abcam, Cambridge,MA) and anti–T-bet (1:250
dilution, sc-21003; Santa Cruz Biotechnology, Santa Cruz, CA) polyclonal
antibodies. The sections were developed using Histofine MAX PO (Nichirei
Biosciences, Tokyo, Japan) and diaminobenzidine solution according to the
manufacturer’s instructions. Finally, the sections were counterstained with
hematoxylin.

Transplantation of splenocytes

For adoptive transfer, the mononuclear cells were obtained from single-cell
suspensions from the spleens ofT-bettg/tg,T-bettg/wt, andwild-type (WT)mice
by using centrifugation with Ficoll-Paque PLUS (GE Healthcare, Little
Chalfont, United Kingdom) or the adhesion-depletion method. A million
mononuclear cells were then IV injected into CD45.1-Rag22/2mice (Sankyo
Laboratories, Ibaraki, Japan). From the 5th week after transplantation, the
mice were subjected to weeklymonitoring of their CBCs and flow cytometric
analyses to detect T-cell engraftment and subpopulations of myeloid cells.
The mice were then analyzed at the 40th week after transplantation.

Flow cytometry

Cells in bronchoalveolar lavage (BAL) fluid, splenocytes, or blood cells were
diluted to 23 106/100mL and incubated with a nonspecific binding blocking
reagent containing mouse CD16/CD32 (2.4G2) for 15 minutes at 4°C. The
collected cells were stained with antibodies for 30 minutes at 4°C and
analyzed by a FACSAria II (BD Biosciences, San Jose, CA), after which the
data were analyzed using FlowJo software (Tree Star, Ashland, OR). Cell
sorting for messenger RNA (mRNA) levels analysis was performed on a
FACSAria II. Some BAL fluid samples were applied to aMouse Inflammation
CBA (BD Biosciences) using FACS Canto II (BD Biosciences) and BD CBA
software. Data were analyzed using BD FCAP Array software. Intracellular
staining of IFN-g and T-bet was performed using Foxp3/Transcription Factor
Staining Buffer Set (eBioscience, San Diego, CA) and splenocytes were
stimulated under the presence or absence of 50 ng/mL phorbol 12-myristate
13-acetate, 500 ng/mL ionomycin, and 2 mM monencine for 5 hours. The
antibodiesused forflowcytometric analysis and thedefinitionof surfaceantigen
expressionpatterns for hematopoietic stem/progenitor cell populationsare listed
in supplemental Tables 2 and 3, respectively.

Statistical analysis

Statistical analysis was performed using Microsoft Excel or GraphPad Prism
4 (GraphPad Software, La Jolla, CA). Statistical tests included unpaired or
paired Student t tests and ordinary 1-way ANOVA, followed by Tukey’s
multiple comparison tests. For nonparametric data sets, the statistical sig-
nificancewas examined usingKruskal-Wallis H tests, followedbySteel-Dwass
tests. Survival data were analyzed using theKaplan-Meier methodwith the log-
rank test. Values of P, .05 were considered significant.

Results

T-bettg/tg mice have reduced survival

To gain insight into the special link between T-bet and disease, we
analyzed hCD2–T-bet tg mice.11 We began by monitoring the
viability of the littermates from hCD2–T-bettg/wt (T-bettg/wt) mice.
Ofnote, startingat;20-weeksofage,more than80%of thehomozygous
transgenic (T-bettg/tg) mice became moribund and died under
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specific pathogen-free conditions, whereas all T-bettg/wt and WT
mice survived for the entire observation period of more than 2 years
(Figure 1A). To exclude a possibility that the phenotype was the result
of gene disruption caused by the transgene integration, we performed
a transgene integration analysis using genomic DNA from a T-bettg/wt

mouse. The results showed that the transgene was integrated into an
intergenic region on chromosome 11, such that no protein-coding and
noncoding RNA genes would be disrupted in the T-bettg/tg mice
(supplemental Figure 2A). We designed a PCR primer pair to deter-
mine thegenotypeof eachmouseusingDNA(supplemental Figure 2B).

Aged T-bettg/tg mice spontaneously develop a PAP-like disease

Hematoxylin and eosin (H&E)-stained sections revealed a profound
pathology in the lungs and BM of T-bettg/tg mice. In addition to
lymphoid hyperplasia around the airways and veins, we observed the
presence of acellular eosinophilic material within the alveoli and
severe infiltration of the alveolar space by inflammatory cells in the
moribund T-bettg/tg mice (Figure 1B). No remarkable pathological
findings were observed in other organs, including the spleen, liver,
kidney, and small intestine (supplemental Figure 3). Although
lymphocyte infiltrationwas also observed in the lungs ofT-bettg/wtmice
over 1-year of age, no alveolar accumulation of acellular material was
observed. When we further investigated the histology of the lung
tissues, we observed that the acellular material that filled the distal
air spaces in T-bettg/tg mice stained positively with periodic acid-
Schiff (PAS) (Figure 1C). Moreover, immunohistochemical analysis
of the lung tissues showed that thematerial also stained positive forSP-
A. Collectively, these findings were indicative of abnormal surfactant
accumulation within the alveolar spaces (Figure 1C). Remarkably,
BAL fluid collected from T-bettg/tg mice looked considerably more
cloudy than that from their T-bettg/wt andWT siblings, which is a char-
acteristic of BAL samples from PAP patients (Figure 1D). Expression
analysis with mRNAs from the lungs demonstrated that SP-A ex-
pression levels were comparable between the groups (Figure 1E). To
verify that this phenotype was not due to off-target effects of the
transgene, we evaluated a second transgenic line and found that it also
developed aPAP-like phenotype. Taken together, these results strongly
suggest that aged T-bettg/tg mice spontaneously develop a pulmonary
syndrome resembling human PAP.

Production of proinflammatory cytokines is enhanced in the

lungs of PAP mice

To uncover potential mechanisms underlying the observed PAP-like
phenotype, we performed a microarray analysis using lung mRNAs
fromT-bet tgmice.We detected 653 geneswhose expression changed
by at least 10-fold between genotypes. Consistent with the histologic
findings, clustering and gene ontology analyses revealed that genes
related to inflammatory and immune responses were enriched in
T-bettg/tg lungs (Figure 1F). In addition, quantitative PCR analysis
confirmed upregulation of GM-CSF and Th1 genes selectively in
T-bettg/tg samples (supplemental Figure 4A). Expression analysis
in mice confirmed that the T-bet expression level was approxi-
mately 15 and 5 times higher in the lungs of T-bettg/tg and T-bettg/wt

mice than in WT mice, respectively (Figure 1G). Although mRNA
expression levels of GM-CSF receptors from alveolarmacrophages
were different between the groups, those of PU.1, a downstream
molecule of the GM-CSF signaling, were similar in all 3 groups24

(supplemental Figure 4B-C). We also quantified the inflammatory
cytokines in BAL fluids from T-bettg/tg, T-bettg/wt, and WT mice. We
found that the concentrations of the proinflammatory cytokines IFN-g,
tumor necrosis factor (TNF), and IL-6, were markedly elevated in the

BAL fluid from moribund T-bettg/tg mice, as compared with other
genotypes (Figure 2A). T-bettg/tg mice also showed a substantial
increase in the concentration of monocyte chemoattractant protein-
1 (MCP-1), which is consistent with previous observations made in
PAP patients (Figure 2A).25 Although IL-17A was detected in the
BAL fluid ofWTmice, it was undetectable in the BAL fluid of both
T-bettg/wt and T-bettg/tg mice (supplemental Figure 5A). On the other
hand, the concentrations of IL-12p70 and IL-10 were similar in all
3 genotypes. Intracellular flow cytometry further demonstrated that
T-cell–restricted and transgene-dependent T-bet overexpression
among the hematopoietic cells in the spleen without stimulation,
and robust IFN-g overproduction byTcells uponphorbol 12-myristate
13-acetate /ionomycin stimulation, indicated that IFN-g overproduc-
tion in the mice was induced in a T-cell receptor-dependent manner
(supplemental Figure 1).

Subpopulations of BAL cells are altered in the lungs of

PAP mice

Because earlier studies had demonstrated that lung inflammation
often coexistswith a change in the local cellular composition,26,27we
further analyzed the constituents of BAL fluid from mice of each
genotype. The numbers of inflammatory cells, including lymphocytes,
neutrophils, andmost prominently monocytes/macrophages, were
significantly higher in the BAL fluid from T-bettg/tg mice than from
the other 2 genotypes (Figure 2B). To gain more information on the
subpopulation of each leukocyte subset, we also used flow cytometry
to analyze the subpopulations of BAL cells. In WT mice, most BAL
cells were autofluorescent (AF)1, CD11c1 alveolar macrophages
(Figure 2C).28 By contrast, markedly fewer alveolar macrophages
were observed in T-bettg/tg lungs (Figure 2C). Instead, we observed an
increase in the sizes of the AF1, F4/80low, CD11bhigh, and CD11blow

monocyte populations in T-bettg/tg lungs (Figures 2D).26 Although
a slight reduction in the alveolarmacrophage populationwas observed
in T-bettg/wt mice, most of the AF1 population consisted of CD11c1

alveolar macrophages (Figure 2C). BAL cells from both T-bettg/wt

and T-bettg/tg mice showed higher T-cell frequencies than did BAL
cells from WT mice (supplemental Figure 5B). Cytological analysis
also revealed that amongBALcells fromT-bettg/tgmicewere large and
foamymacrophages, whereas those fromT-bettg/wt andWTmicewere
morphologically normal alveolar macrophages (Figure 2E). Extrac-
tion of sets of M1 and M2 macrophage genes from the microarray
analysis revealed the upregulation ofmoreM1 genes thanM2 genes in
T-bettg/tg mice, indicating aberrant activation of both the M1 and M2
programs (Figure 2F). Expression analysis of the genes previously
related to lipid handling in macrophages and PAP development29-33

showed a marked reduction of Pparg and Abcg1 mRNA expression
levels, but upregulation ofAbca1 andBach2mRNA expression levels
in AF1 populations from mice with PAP phenotype (Figure 2G). In
addition, phagocytic assay using fluorescein isothiocyanate-labeled
beads demonstrated a reduction of the bead uptake by T-bettg/tg BAL
cells compared with WT (supplemental Figure 5C). These findings
indicate that changes in leukocyte subpopulations within the alveoli,
gene expression levels involved in cholesterol catabolism, andphagocyte
function, accompanied by the presence of abundant proinflammatory
cytokines, may contribute to the development of PAP in T-bettg/tgmice.

Increased numbers of myeloid cells in the circulation of

moribund mice

The massive infiltration of mononuclear phagocytes into the alveoli,
led us to hypothesize that PAP development in these mice involved
dysregulated mononuclear phagocyte maturation induced by T-bet

372 IRIGUCHI et al BLOOD, 8 JANUARY 2015 x VOLUME 125, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/125/2/370/1385253/370.pdf by guest on 18 M

ay 2024



Figure 1. Aged T-bettg/tg mice spontaneously develop PAP-like disease. (A) Kaplan-Meier plot showing survival among mice with the indicated genotypes (n 5 20 in each

group). (B) Representative photomicrographs of the lungs of 50-week-old WT, T-bettg/wt, and T-bettg/tg mice. Alveolar spaces in T-bettg/tg mice are filled with acellular eosinophilic

material and show inflammatory cell infiltration. H&E staining; bars 5 100 mm. (C) Photomicrographs of lung sections from T-bettg/tg mice. The alveolar material is positive for PAS

staining and for immunohistochemical staining of mouse SP-A. Bars 5 100 mm. (D) Appearance of BAL fluid from 50-week-old WT, T-bettg/wt, and T-bettg/tg mice. (E) Levels of

SP-A expression levels in lungs from 50-week-old WT, T-bettg/wt, and T-bettg/tg mice (n 5 4 in each group). (F) The heat-map of genes whose expression changes are .10-fold

between the genotypes in lung mRNAs. (G) Levels of T-bet mRNA expression levels in lungs from 50-week-old WT, T-bettg/wt, and T-bettg/tg mice (n 5 4 in each group).
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Figure 2. Reorganization of BAL cell populations in T-bettg/tg mice. (A) Concentrations of IFN-g, TNF, IL-6, MCP-1, IL-12p70, and IL-10 in the BAL fluid from WT, T-bettg/wt,

and moribund T-bettg/tg mice at 30- to 50-weeks of age. n 5 7, 3, or 5; **P , .01; *P , .05 (Kruskal-Wallis H test, followed by Steel-Dwass tests). (B) Numbers of

macrophages, neutrophils, and lymphocytes in BAL fluid from 50-week-old WT, T-bettg/wt, and T-bettg/tg mice. Results are means 6 SD; n 5 3. **P , .01; *P , .05 (1-way

ANOVA, followed by Tukey’s multiple comparisons tests). (C-D) Flow cytometry profiles for alveolar macrophages (C) and autofluorescence-positive population (D) among

BAL cells gated to the leukocyte population (CD451 cells). Data are representative of at least 3 mice. (E) Representative cytologies of BAL cells from mice with the indicated

genotypes (Hemacolor staining; bars 5 50 mm). (F) The heat-maps of M1- and M2-related genes. (G) Levels of Pparg, Abca1, Abcg1, and Bach2 mRNA expression levels in

AF1 BAL cells. n 5 3, 3, and 4.
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overexpression in the infiltrated T cells. To test that hypothesis, we
performed a series of PB examinations using T-bet tg mice at 25-
to 30-weeks of age, which included both moribund and relatively
healthy T-bettg/tgmice. The white blood cell (WBC) counts were not
significantly altered in either T-bettg/tg or T-bettg/wt mice, but the
numbers were higher in T-bettg/tg mice (Figure 3A). Although the
differences were not statistically significant, some T-bettg/tg mice
showed variable hemoglobin concentrations, hematocrits, and platelet
counts (Figure 3B-D). Flow cytometric analyses showed that the
numbers of CD11b1 myeloid cells among leukocytes (CD451) were
higher in PB from both T-bettg/tg and T-bettg/wt mice than from WT
mice (Figure 3E-F). The numbers of CD11b- cells among leukocytes
were comparable in the 3 groups (Figure 3G). Among myeloid pop-
ulations, we observed higher numbers of Ly6CHigh and Gr-1Mid in-
flammatory monocytes in PB from T-bettg/tg mice than from either
T-bettg/wt or WT mice (Figure 3H). The numbers of neutrophils in PB
from T-bettg/tg mice were also higher than the numbers in WT mice
but similar to those in T-bettg/wt mice (Figure 3I). Importantly,
moribund mice always presented with high numbers of PB in-
flammatory monocytes and neutrophils, but not high lymphocyte
numbers. These results indicate that the development of PAP in
T-bettg/tg mice is associated with myeloproliferation.

T-bet tg mice display distinct BM abnormalities

Because secondary PAP is often coupled with various hematologic
diseases, we considered the possibility that T-bettg/tg mice might also
develop a hematologic disorder. Histopathological analysis of BM
from moribund T-bettg/tg mice at 25- to 30-weeks of age showed no
signs of BM failure syndromes, but exhibited marked myeloid
hyperplasia (Figure 4A). On the contrary, the histopathology of
T-bettg/wt BM showed increased phagocytosis of erythroid cells by
macrophages (Figure 4A), although the overall numbers of cells in
a leg did not significantly differ between the groups (Figure 4B).
Among the mature hematopoietic cells in the BM, the frequency of
CD11b1 myeloid cells was significantly higher in T-bettg/tg BMCs
than T-bettg/wt and WT BMCs, whereas the frequencies of lymphoid
cells were comparable between the groups (Figure 4C). Moreover,
flow cytometric analysis of hematopoietic stem cell (HSC) and
progenitor cell populations showed slightly higher frequencies of
HSCs, GM progenitors, and megakaryocyte-erythroid progenitors
in both T-bettg/wt and T-bettg/tg BM than in WT BM (Figure 4D).
These observations suggest that ectopic T-bet expression in T cells
exerted a distinct effect on hematopoiesis in the BM, including
augmented erythrophagocytosis in T-bettg/wt BM and myeloid hy-
perplasia in T-bettg/tg BM.

BM hematopoietic progenitor cells (HPCs) from T-bettg/tg mice

produce augmented dysplastic myeloid cells

To further explore whether T-bettg/tg mice develop a hematologic
disorder, we used colony-forming cell assays to investigate BM
HPC function (Figure 5A). We found that BMCs from T-bettg/tg

mice generated higher numbers of colony-forming units (CFUs)
(Figure 5B, bottom row). Identification of the types of each colony
showed that the numbers of each CFUwere not significantly elevated,
although a trend toward higher CFU numbers was observed with
T-bettg/tg BMCs, suggesting that the myeloid differentiation potential
remained unchanged (Figure 5B, 2nd to 4th rows). In addition, BMCs
from T-bettg/wt mice produced higher numbers of blast forming unit
(BFU)-Es than those from T-bettg/tg orWTmice (Figure 5B, top row).
Strikingly, a significantly higher number of colonies derived from
T-bettg/tg BMCs contained a considerable number of morphologically

immature monocytic cells than did colonies from T-bettg/wt or WT
BMCs (Figure 5C-E).

To determine whether the observed immature cells were mono-
cytic lineage cells, we examined the effects of M-CSF on the
dysregulated myeloid differentiation of HPCs from T-bettg/tgmice.
The development of monocytic lineage cells descends from HSCs
with discrete intermediate progenitor cells, including macrophage
and dendritic cell progenitors expressing CD115, the receptor for
M-CSF.34 The addition of M-CSF to the culture system resulted in
a significant reduction in the numbers of CFUs containing immature
monocytic cells (Figure 5F),which implies that the impairedmonocytic
differentiation in T-bettg/tg can be reversed by the compensatory
addition of a lineage-specific cytokine, M-CSF. Thus, BM HPCs
from T-bettg/tg mice exhibit monocytic differentiation arrest while
producing greater numbers of progenitor cells.

Lymphocytes overexpressing T-bet initiate PAP development

and inflammatory monocytosis

We next examined the possibility that the observed phenotypes are
due to developmental defects related to ectopic T-bet overexpres-
sion. We initially determined whether lymphocytes from T-bettg/tg

mice could induce the development of a PAP-like syndrome in
lymphocyte-deficient recipients. Specifically, we transplanted
CD45.2-expressing lymphocytes from the spleens of moribund
T-bettg/tgmiceand their controls (T-bettg/wtandWT) intoCD45.1-Rag22/2

recipients (Figure 6). H&E- and PAS-stained lung sections from
the recipients transplanted with T-bettg/tg splenocytes (tT-bettg/tg)
exhibited massive infiltration of hematopoietic cells into the alveolar
spaces and accumulation of acellular material there (Figure 6B). By
contrast, a slight infiltration of inflammatory cells was seen in recipients
transplanted with T-bettg/wt splenocytes (tT-bettg/wt), but PAP did not
develop (Figure 6B). Periodic CBCs in the Rag22/2 recipients showed
that theWBC counts of tT-bettg/tgmice gradually increased (Figure 6C).
Inparallelwith the increasingWBCcounts,flowcytometricPBanalysis
revealed that the numbers of recipient-driven (CD45.11) inflammatory
monocytes progressively increased in tT-bettg/tg mice, whereas the
numbers of recipient-driven neutrophils remained unchanged andwere
comparable to those in the controls (Figures 6D). Flow cytometric
analysis of the donor lymphocytes showed the numbers of T and
B cells were comparable between the groups (Figure 6E). These
results clearly indicate that the Rag2-deficient recipients developed
the PAP-like phenotype, recapitulating the core features of the
disease that developed in the primary mice, together with PB
inflammatory monocytosis. We further confirmed that T cells isolated
from the T-bettg/tg spleen were sufficient to induce PAP-like disease
phenotypes in Rag22/2 recipients (supplemental Figure 6A-G). This
suggests that, by itself, aberrant overexpression of T-bet in lym-
phocytes is sufficient to initiate PAP-like disease development in
mice.

T-bet is overexpressed in the lungs of secondary PAP patients

The results obtained with T-bettg/tg mice indicate that a PAP-like
phenotype occurs secondary to T-bet overexpression in T cells,
accompanied by enhanced production of immature monocytes in the
BM. To evaluate the physiological relevance of these findings, we
investigated a clinical sample from a secondary PAP patient with
MDS (RAEB2, trisomy 8). H&E staining of the specimens showed
augmented lymphocyte infiltration in secondary PAP, as compared
with autoimmune PAP (supplemental Figure 7A). Immunohisto-
chemical analysis of the specimen revealed infiltration of the lungs
by T-bet–positive lymphocytes in secondary PAP patients and
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T-bettg/tg sections, but not in normal and autoimmune PAP lungs (sup-
plemental Figure 7B-C). Similarly, we found that T-bet expression in
a secondary PAP specimen was;103 higher than in an autoimmune

PAP specimen (supplemental Figure 7D). These results suggest
that T-bet overexpression in T lymphocytes may have a role in the
pathogenesis of secondary PAP related to hematopoietic disorders.

Figure 3. Number of myeloid cells are increased in the circulation of PAP mice. (A-D) Results of CBCs in PB fromWT, T-bettg/wt, and T-bettg/tgmice at 25- to 30-weeks of age:

WBCs (A), hemoglobin (B), hematocrit (C), and platelets (D). (E) Representative flow diagrams of living cell-gated populations in the PB of each mouse genotype. Myeloid cells were

immunophenotypically defined as CD11b1. The myeloid-gated cells were further analyzed for their levels of Ly6C and Gr-1 expression. Inflammatory monocytes and neutrophils are

defined as Gr-1Mid, Ly6CHigh and Gr-1High, and Ly6CMid, respectively. (F-I) Numbers of myeloid cells (F), nonmyeloid cells (CD11b-) (G), inflammatory monocytes (H), and neutrophils

(I) in PB from each genotype; n 5 3, 5, and 8. *P , .05 (1-way ANOVA, followed by Tukey’s multiple comparisons tests). HCT, hematocrit; HGB, hemoglobin; PLT, platelets.

376 IRIGUCHI et al BLOOD, 8 JANUARY 2015 x VOLUME 125, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/125/2/370/1385253/370.pdf by guest on 18 M

ay 2024



Figure 4. Distinct BM abnormalities in T-bet tg mice. (A) H&E staining of BM sections (femur) prepared from 30-week-old mice with the indicated genotypes. Arrows

indicate yellowish-brown macrophages extensively engulfed erythrocytes. Bar5 100 mm. (B) Total numbers of cells in BM from mice with the indicated genotypes. Results are

means6 SD; n5 3, 3, and 6. (C) Percentages of myeloid cells, B cells, and T cells in total living BMCs from 30- to 50-week-old mice with the indicated genotypes. Results are

means 6 SD; n 5 8, 4, and 7. *P , .05 (1-way ANOVA, followed by Tukey’s multiple comparisons tests). (D) Percentages of each hematopoietic stem and progenitor

compartment in BM from 30- to 50-week-old mice with the indicated genotypes. Results are means6 SD; n5 3 each. CMP, common myeloid progenitors; GMP, granulocyte-

macrophage progenitors; MDP, macrophage and dendritic cell progenitors; MEP, megakaryocyte-erythroid progenitors; MMP, multipotent progenitors.
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Discussion

The findings in the present study demonstrate that the level of T-bet
expression in T cells critically influences mononuclear phagocyte
function. Taking the findings in earlier studies and the transgene
analysis into account, the phenotypic difference between T-bettg/wt

and T-bettg/tg likely reflects the difference in T-bet expression levels
inT cells.35,36Moreover,wewere able to rule out the possible disruption
of gene regulatory sequences due to the transgene homozygosity, as
PAP development was observed in the other transgenic lines.

All of the features displayed in the moribund T-bettg/tg mice rep-
resent the main clinical and laboratory features of PAP. Subsequent in
vivo studies indicated that our transgenic mice developed PAP-like
disease secondary to aberrant T-bet overexpression in T cells, but not
primarily through a defect intrinsic to alveolar macrophages. To date,
there have been a few studies reporting the development of secondary
PAP disease models.37 One showed the development of secondary
PAP in scid/scid mice, presumably recapitulating secondary PAP
patients with immunodeficiency, although the mechanism has not
yet been identified.38 In the present model, it is clearly indicated
that secondary PAP developed under aberrant T-cell activation by
T-bet with monocytosis. On the basis of this finding, we suggest
that T-bet–overexpressing T cells act to initiate the pathogenesis of
secondary PAP.

Alveolar macrophages not only play a central role in pulmonary
lipid homeostasis, but they also represent the first line of defense in
the alveoli against invading pathogens and inhaled microbes, and
their absence results in reduced clearance during infections.39,40 This
functional dichotomy is achieved through polarization of alveolar
macrophages with distinct functional phenotypes, depending upon
different stimuli, and alteration of their behavior is observed under
various pathological conditions.26,41,42 For example, alveolar macro-
phages differentiate into classically activated M1 macrophages in
the presence of IFN-g and other stimuli, including lipopolysac-
charide, and exhibit greater microbicidal activity with enhanced
nitric oxide synthase, TNF, and IL-6 production.43,44 Flow cytometric
and cytogenetic analyses clearly indicated that reorganized macro-
phages, in addition to T-cell infiltration of the T-bettg/tg alveoli were
mainly M1 macrophages, which were different from T-bettg/wt and
WT alveolar macrophages. Moreover, we observed marked increases
in the levels of the proinflammatory cytokines IFN-g, TNF, and IL-6
in the lungs of T-bettg/tg mice. Expression analysis with BAL cells
demonstrated a marked reduction of Pparg and Abcg1 expression
levels, both key regulators of lipid metabolism in macrophages where
its deficiencies result in foamy macrophage generation and PAP
development. Studies have also demonstrated critical roles of
PPARg in lungmacrophages in regulating the resolution phase of
inflammation and integrity of its functions.45,46 These findings
suggest that those phenotypical alterations in macrophages triggered

Figure 5. BM hematopoietic stem/progenitor cells

from T-bettg/tg mice show impaired monocytic dif-

ferentiation. (A) Experimental protocol for CFC

assays. For the input cells, 25- to 30-week-old WT,

T-bettg/wt, and T-bettg/tg whole BM cells were used. (B)

Results of colony scoring after 9 days of culture in vitro

(D.I.V.). Results are means 6 SD; n 5 5, 4, and 9.

*P , .05, **P , .01 (1-way ANOVA, followed by

Tukey’s multiple comparisons tests). (C-D) Represen-

tative cytospin images showing a terminally mature

macrophage colony from a culture with WT WBMCs

(C), and an immature monocytic colony from T-bettg/tg

WBMCs (D). Hemacolor staining. Bar 5 50 mm. (E)

Frequencies of colonies containing immature mono-

cytic cells. Results are means 6 SD; n 5 5, 4, and 9.

*P , .05; ***P , .001 (1-way ANOVA, followed by

Tukey’s multiple comparisons tests). (F) Effect of M-

CSF addition on the frequencies of colonies containing

immature monocytic cells. *P , .05 (paired Student

t test). E, erythroid; G, granulocyte; GEMMk, granulo-

cyte, erythoid, macrophage, and megakaryocyte; HSPCs,

hematopoietic stem/progenitor cells; M, macrophage,

Mk, megakaryocyte.
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Figure 6. Overexpression of T-bet in lymphocytes initiates PAP development. (A) Diagram of the experimental design. (B) Representative photomicrographs of the lung

sections from Rag22/2 recipients transplanted with splenocytes from WT, T-bettg/wt, or T-bettg/tg mice. H&E (top panels) and PAS (bottom panels) staining. Bars 5 100 mm.

(C) Changes in WBC counts in PB from Rag22/2 recipients after transplantation of WT or T-bettg/tg splenocytes. (D-E) Changes in the numbers of inflammatory monocytes

and neutrophils (D), and of T cells and B cells (E), in the PB of Rag22/2 recipients after transplantation of WT or T-bettg/tg splenocytes. Symbols are means6 SD; n5 4 and 8.

***P , 0.001; **P , .01; *P , .05 (Student t test).
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by the T cells in T-bettg/tg alveoli, lead to loss of the cells responsible
for lipid metabolism.

We were able to provide additional evidence that expanded
hematopoiesis of myeloid cells is involved in the progression of the
PAP-like disease. In particular, we found an association between the
development of PAP and a progressive increase in circulating
inflammatory monocytes, an immature progenitor cell of infiltrating
macrophages. The actions of inflammatorymonocytes are detrimental
in acute lung injury and contribute to infection-relatedmortality.47We
also observed a considerable increase in the levels of MCP-1 in the
lungsof PAPmice. Several lines of evidence suggest thatCCR2/MCP-
1 interactions significantly contribute to monocyte, macrophage, and
T-cell recruitment to sites of inflammation.48-50 This suggests the in-
filtration of circulating inflammatorymonocytes into the lungs of PAP
mice may be mediated through an interaction between MCP-1 and its
receptor, CCR2. Identifying the mechanisms by which MCP-1 pro-
duction is selectively augmented in the lung is intriguing, but will
require further investigation. Collectively, these findings suggest that
PAP development in T-bettg/tg mice may require infiltration of the
alveoli by both T-bet–overexpressing T cells and myeloid cells.

We demonstrated both in vitro and in vivo that there is an
acquired dysregulation of myeloid differentiation in T-bettg/tg mice.
These findings are in part consistent with recent reports on microbial
infections and chronic inflammatory diseases, which found that
HSC/HPC cells were directly stimulated by environmental cues,
including proinflammatory cytokines.51,52 For example, Griseri
et al recently showed that inflammatory cytokines mediate dysregu-
lated hematopoiesis at the HSC level in IL-23–dependent colitis.53

In addition, a relationship between T-bet overexpression and BM
failure has been demonstrated in patients with aplastic anemia and
MDS.9,54-58 It is worthwhile mentioning that Sca-1 becomes aber-
rantly expressed and some of theHSCs in this case are in factmyeloid
progenitors, when IFNs are upregulated as in the current transgenic
mouse.59,60 Taking these previous reports into account, there could
have been an increase in the frequency of myeloid progenitors in
the BM of T-bet tg mice, which is also in line with the result of the
CFC assay. Notably, we found that monocytic differentiation became
nonintrinsically impaired at the HPC level in T-bettg/tg BM. These
findings, together with the substantial PB monocytosis and their
augmented pulmonary infiltration, suggests that some maturation
programswithinmonocytes ormore immature progenitor cells toward
macrophages are dysregulated by T-bet overexpression, leading to the
reduction of the mature alveolar macrophage population.

The current study identified acquired downregulation of genes
known to induce PAP development, but the mechanism by which
those gene expressions were altered in the mononuclear phagocyte
lineage is unclear. Although theGM-CSF–PU.1 axis has been shown
to play a pivotal role in PAP pathogenesis,61 expression analyses re-
vealed thatT-bettg/tgmice donot developPAPdue todownregulationof
PU.1 in lungmacrophages. Nonetheless, a study has demonstrated that
PPARg overexpression in GM-CSF–knockout lung macrophages,

which are deficient in PPARg expression, rescues alveolar surfactant
accumulation, indicating potential regulation of PPARg expression
by GM-CSF signaling.62 It is, therefore, possible that acquired down-
regulation of other GM-CSF signaling pathways may be involved in
the pathogenesis. The association between increased IFN-g and
reduced PPARg has been described.45 Investigating the mice in
IFN-g- and GM-CSF–deficient backgrounds may address the ques-
tion. Even though further investigation is clearly in order, studies
with human specimens suggested that T-bet overexpression and
increased pulmonary infiltration of lymphocytes may be involved
in the pathogenesis of secondary PAP, particularly PAP with aberrant
hematopoiesis of myeloid cells. From these observations, it appears
the present model may recapitulate some aspects of the disease pro-
gression seen in secondary PAP patients with BM failure syndrome.
Taken together, the findings of the present study provide new insight
into the potential pathogenesis of PAP accompanied by hematologic
disorders.
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