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Macrophages are diverse cell types in the first line of antimicrobial
defense. Only a limited number of primary mouse models exist
to study their function. Bone marrow-derived, macrophage-CSF-
induced cells with a limited life span are the most common source.
We report here a simple method yielding self-renewing, nontrans-
formed, GM-CSF/signal transducer and activator of transcription 5-
dependent macrophages (Max Planck Institute cells) from mouse fe-
tal liver, which reflect the innate immune characteristics of alveolar
macrophages. Max Planck Institute cells are exquisitely sensitive to
selected microbial agents, including bacterial LPS, lipopeptide, My-
cobacterium tuberculosis, cord factor, and adenovirus and mount
highly proinflammatory but no anti-inflammatory IL-10 responses.
They show a unique pattern of innate responses not yet observed
in other mononuclear phagocytes. This includes differential LPS sens-
ing and an unprecedented regulation of IL-1a production upon LPS
exposure, which likely plays a key role in lung inflammation in vivo.
In conclusion, Max Planck Institute cells offer an useful tool to study
macrophage biology and for biomedical science.

LPS recognition | innate immunity

M acrophages comprise a group of tissue-resident mononu-
clear phagocytes, crucially involved in antimicrobial defense
and tissue homeostasis and diverse in their origin, development,
life span, and function. The major part of tissue macrophages de-
velops from bone-marrow (BM) hematopoietic stem cells (HSCs)
under the influence of macrophage-CSF (M-CSF) signaling through
blood monocytes that colonize various organs and become spe-
cialized cells with a limited life span (1). However, some macro-
phage subsets derive from the yolk sack; and microglia, Langerhans
cells, and alveolar and pleural macrophages can proliferate in situ
(24). In addition to M-CSF, GM-CSF can also support macro-
phage growth and is critical in steady-state lung alveolar macro-
phage (AM) homeostasis (5, 6).

Macrophages sense pathogens via pattern recognition recep-
tors, including toll-like receptors (TLRs), and the subsequent
production of pro- and anti-inflammatory mediators such as TNF-
a, IL-6, IL-1a, IL-1p, and IL-10 is crucial to combat infection (7).
Stimulation of macrophages by TLR ligands such as LPS leads to
the production of immature pro-ILla and calpain-mediated
cleavage and secretion of mature IL-1a (mIL-1a) are induced via
separate signal transduction pathways (8).

Both quantitative and qualitative differences in receptor dis-
tribution and cytokine production exist among distinct macro-
phage types, and the role of various receptors and signaling
pathways has been intensively studied in primary macrophages
that are isolated from tissues, ex vivo-differentiated cells, and
immortalized macrophage lines. The use of freshly isolated
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macrophages is hampered by the elaborate isolation procedures,
insufficient purity, limited quantities, and the large number of
human or animal donors required. Transformed macrophage
lines are frequently used; however, such cells often loose im-
portant macrophage functions, and their genetic background is
often not well defined. Therefore, primary macrophages gen-
erated from BM precursors with M-CSF in vitro (BMMs) are
used preferentially for functional studies and high-throughput
screening. BMMs can be obtained in large numbers; however,
they have a limited life span and represent only a particular
subset of macrophage populations (1, 9).

Here we present a simple method to generate self-renewing,
nontransformed, GM-CSF-dependent, differentiated macrophages
from different wild-type and mutant mice [Max Planck Institute
(MPI) cells]. Functionally, these cells closely resemble AMs. Phe-
notypically stable MPI cells can be grown for a long period (at least
2 y) in almost unlimited numbers. The unique innate reactivity
pattern of MPI cells and AM:s is clearly different from that of
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BMMs and characterized by differences in LPS sensing, strik-
ingly increased sensitivity to several microbial agents, the lack of
IL-10 production, and a strongly proinflammatory cytokine re-
sponse including unconventional IL-la secretion. Thus, we
delineate an unusual innate response type and present a pow-
erful tool for macrophage studies.

Results

MPI Cells Are Self-Renewing, Nontransformed, GM-CSF-Dependent
Phagocytes. Culturing of unseparated fetal liver cells for ~8 wk in
the presence of GM-CSF resulted in predominantly adherent cells
with a characteristic round shape, similar to that of AMs and dif-
ferent from the multiangular shape of BMMs or GM-CSF-
dependent BM-derived dendritic cells (BMDCs) (Fig. 14). These
cells were designated MPI cells. About 0.1% of the cells are
multinuclear giant cells that may occur in macrophage cultures
(10). To test the phagocytic activity of the MPI cells, we incubated
them with heat-killed Propionibacterium acnes, which resulted in
the efficient uptake of the bacteria (Fig. 1B).

In the presence of GM-CSF, MPI cells grow exponentially (Fig.
1C) without changes in morphology for at least 100 weekly pas-
sages. The replacement of GM-CSF by M-CSF slowed down their
growth, but no significant change in morphology was observed.
The complete removal of GM-CSF resulted in G1 arrest and a
slow reduction in the number of living cells (Fig. 1C and Fig. S14).

To test the tumorigenic potential of the MPI cells, we injected
them to recombination-activating gene-2 (RAG2)™~ mice. In line
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Fig. 1. MPI cells are factor-dependent, self-renewing phagocytes. (A) Giemsa
staining of MPI cells, AMs, BMMs, and BMDCs. (Scale bars, 20 pm.) (B) Phago-
cytosis of Alexa 647-stained P. acnes (Left, yellow) in MPI cells and in mock-
treated cells (Right) using confocal microscopy. Blue, DAPI-stained nuclei. (Insets)
Single P. acnes- and mock-treated cells at high power. (C) Growth curve of MPI
cells with GM-CSF (30 ng/mL), M-CSF (30 ng/mL), or without any growth factor.
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with their nontransformed character, no visible signs of illness,
ascites, or tumors were found in the skin or inner organs. Control
carcinoma cell-injected mice developed ascites (Fig. S1B).

Surface Markers and Global Gene Expression Profiling Indicates That
MPI Cells Represent a Subtype of Differentiated Macrophages. We
examined the expression of myeloid cell-specific surface antigens
on the MPI cells (Fig. S24), which were, like BMMs and BMDCs,
positive for cluster of differentiation molecule (CD)11b, Cell
surface glycoprotein F4/80 (EGF-like module-containing mucin-
like hormone receptor-like 1; Emr1), and CD32 and negative for
granulocyte differentiation antigen-1. Being weakly CD11c pos-
itive, MPI cells differed from both the CD11c-negative BMMs
and the strongly positive BMDCs. Similar to BMMs and unlike
BMDC:s, they did not express MHC class II proteins.

To gain a comprehensive view of gene expression relative to
other mononuclear phagocytes, we analyzed mRNA levels in MPI
cells, in BMMs, and in the GM-CSF-dependent immature myeloid
dendritic cell (DC) line SP37A3 using microarrays. Cluster analysis
showed that two independently made MPI lines are very close to
each other and significantly closer to BMMs than to SP37A3 cells
when all of the genes or immune response genes were analyzed
(Fig. 24). However, when the analysis was done on cell cycle genes,
MPI cells were more similar to SP37A3 cells than to BMMs,
reflecting their self-renewing capacity (Fig. 24). For example, the
G2 phase-specific genes budding uninhibited by benzimidazoles 1
homolog, beta (Bublb) and myelocytomatosis oncogene (Myc) are
expressed in cycling SP37A3 and MPI cells, but not in G1-arrested
BMMs. MPI cells, unlike BMMs and SP737A3, exhibit high levels
of Kruppel-like factor 4 (KLF4) and lack v-maf musculoaponeurotic
fibrosarcoma oncogene family, protein B (MafB) mRNA. Further-
more, unlike BMMs, they expressed very low Maf mRNA levels
(Fig. S2B). In line with these results, overlap and gene set analysis
for enriched pathways revealed that the main differences between
MPI cells and BMMs are mainly in mitotic process genes (e.g., cell
cycle, DNA binding, chromatin assembly, DNA replication, etc.)
and in immune response categories (e.g., immune response, TLR
pathway, JNK pathway) (Datasets S1 and S2; Fig. S2C). The main
differences between MPI and SP37A3 cells are in broad and spe-
cific categories of immune function (e.g., immune system process,
immune response, chemokine receptor binding) and of immune
development (e.g., immune system development, myeloid differ-
entiation) (Dataset S3). Collectively, the morphology and phago-
cytic properties, the expression of surface antigens, and the global
gene expression profiles indicate that MPI cells are macrophages.

The enrichment analysis of rather broad functional annota-
tions does not allow the comparison of MPI cells with specific
macrophage subsets. To this end, we searched specific markers,
differentially expressed in BMMs and MPI cells (Fig. S2B). We
found significant levels of Emr! (F4/80) mRNA in both MPI cells
and BMMs. On the contrary, high mRNA levels of chitinase
3-like 3 (Chl3l), a marker of alternatively activated macrophages
(11) and of the scavenger receptor macrophage receptor with col-
lagenous structure (MARCO), were expressed only in MPI cells.
Accordingly, the F4/80 protein was detectable on both macro-
phage types (Fig. S24), whereas MARCO was detectable only on
MPI cells (Fig. S2D). The expression of the LPS coreceptor CD14
was significantly higher in BMMs on both mRNA (Fig. S2B) and
protein (Fig. S2D) levels. Notably, the presence of MARCO,
Chl3l, CDl11c, and the low levels of CD14 observed here for MPI
cells is characteristic for lung AMs as well (12-14).

MPI Cells and BMMs Exhibit Large Differences in the Extent of TNF-o,
IL-6, and IFN-IFN-af Responses to TLR2 and TLR4 Ligands. Recogni-
tion of microbial agents via TLRs and the subsequent production
of cytokines is a hallmark of macrophage function. Compared with
BMMs, MPI cells produced three to five times higher amounts of
TNF-a and IL-6 upon stimulation with the TLR4-dependent LPS
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Fig. 2. Gene expression and reactivity to TLR ligands in MPI cells, BMMs, and BMDCs. Global gene expression using total cellular RNA of the DC line SP37A3 (SPA),
BMM:s, and two independently made MPI cell lines (MPI-2 and MPI-3) with microarrays. (A) Cluster analysis for all, immune response, and cell-cycle genes. (B) TNF-o and
IFN-af levels in supernatants of MPI cells and BMMs stimulated with 0.1 pg/mLS-LPS, 0.1 pg/mL FSL-1, 8 nM CpG ODN 1668, and 25 pg/mL poly I:C. (C) TNF-« levels of WT
(MPI-wt), TLR4-deficient (MPI-ATLR4), and TLR4-deficient human TLR4-expressing (MPI-hTLR4) MPI cells in response to LPS (0.1 pg/mL) and nickel chloride (0.5 mM).

or the TLR2-dependent fibroblast stimulated lipopeptide-1 (FSL-1)
but comparable levels after stimulation with the TLR3 ligand
polyriboinosinic polycytidylic acid (poly I:C). Furthermore, MPI
cells produced ~10 times less IFN-af in response to LPS and poly
I:C, and neither cell types produced IFN-af upon stimulation
with FSL-1. The cytokine responses to the TLR9 ligand cytosine
triphosphate deoxynucleotide phosphodiester quanine triphosphate
deoxynucleotide (CpG) DNA were marginal or absent in both
cell types (Fig. 2B and Fig. S2E). Thus, the height of the responses
to LPS and FSL-1 is different in MPI cells and BMMs.

In addition to cells from wild type (WT) mice, we generated
MPI cells, also from TLR4-deficient and human TLR4-expressing
mice. As expected, the absence of TLR4 in MPI cells resulted in
the loss of LPS responsiveness (Fig. 2C and Fig. S2F), whereas
the presence of human TLR4 not only restored the LPS response
but also allowed a response to nickel (Fig. 2C), confirming that
nickel stimulates human but not murine TLR4 (15). In a control
experiment, WT and TLR4-deficient cells responded comparably
to FSL-1 (Fig. S2F).

Several MPI cell lines were kept in culture continuously, the
oldest for more than 2 y. Their reactivity to LPS and FSL-1 was
regularly checked. Similarly, the reactivity and proliferative ca-
pacity were also tested after freezing and thawing of MPI cells. In
all cases, no changes in growth properties or the cytokine re-
sponse were observed, confirming the stable character of the
MPI cells.

LPS Induces Differential Changes in the Gene Expression Pattern of
MPI Cells and BMMs. LPS is probably the most potent macrophage
activator. To compare its primary effects on global gene expression
in MPI cells and BMMs, we analyzed the newly synthesized (30-90
min after stimulation) mRNA levels after stimulation using
microarrays. Gene set analysis revealed the enrichment of com-
mon activated pathways characteristic of innate responses (e.g.,
inflammatory response, cytokine production, defense response) in
both MPI cells and BMMs (Datasets S4 and S5). At the level of
individual genes, cytokines such as IL-6 were strongly induced in
both cell types (Fig. S34). However, there were also clear differ-
ences between the induced gene expression patterns. Many genes
were induced exclusively in either MPI cells or BMMs (Fig. 34).
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For example, colony stimulating factor 3 (granulocyte), epiregulin,
and chemokine (C-C motif) ligand 20 were activated exclusively in
MPT cells (Fig. S34 and Dataset S6), whereas IL-10, chemokine
(C-X-C motif) ligand 11, myxovirus (influenza virus) resistance 1, and
IFN-p were induced only in BMMs (Fig. S34 and Dataset S7). In
line with these results, LPS up-regulated the expression of soluble
and membrane-bound CD14 protein only in MPI cells (Fig. S3B)
and the secretion of IL-10 only in BMMs (Fig. 3B). Also, LPS-
stimulated BMMs produced much higher levels of IFN-af (Fig.
S3C) than MPI cells. Interestingly, AMs, like MPI cells, also se-
creted high levels of proinflammatory TNF-q, little IFN-a, and no
anti-inflammatory IL-10 in response to LPS (Fig. 3B and Fig. S3C).

GM-CSF treatment of BMMs was reported to result in a par-
tial phenotype change (increased IL-6 and decreased but not
absent IL-10 induction) in response to LPS (16). We found,
however, that the replacement of GM-CSF by M-CSF in MPI
cell cultures just before LPS activation had neither an influence
on the strength of the IL-6 response nor led to IL-10 production
(Fig. S3D). The substitution of GM-CSF for M-CSF for 3 wk in
MPI cells lowered the IL-6 response to LPS and FSL-1 but did
not lead to IL-10 induction (Fig. S3E).

LPS Induces the Secretion of IL-1 in MPI Cells and AMs and Triggers
IL-1a-Dependent Inflammation in the Lung. The pattern of the LPS-
stimulated cytokine response in MPI cells and freshly isolated
AMs is remarkably similar (Fig. 3B and Fig. S3C) and highly
proinflammatory. We also analyzed the induction of the proin-
flammatory IL-la and IL-1p in MPI cells, BMMs, and AMs.
According to the current consensus, LPS induces both proteins as
procytokines, and an independent, second signal is required to
obtain the protease-cleaved mature, secreted form of the pro-
teins. In agreement with this consensus (8), LPS induced the
immature cytokines in both MPI cells and BMMs, whereby much
higher levels were found in MPI cells (Fig. 3C). mIL-1a and mIL-
1p were not found in lysates of stimulated cells, but LPS-stimu-
lated MPI cells and AMs excreted very low levels of IL-1f (Fig. 3
C and D and Fig. S3C). Most surprisingly, however, LPS-stimu-
lated MPI cells and AMs secreted substantial amounts of IL-1a
(Fig. 3D, Left). Western blot analysis revealed that this secreted
IL-1a represents the immature proprotein (Fig. 3D, Right). Be-
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Western blot analysis of IL-1a isoforms immunoprecipitated from MPI cell supernatants 12 h after stimulation with 0.1 pg/mL (Right). (E) Role of IL-1a in LPS-

induced lung pathology. WT and IL-1a~

cause there was no difference between the viability of LPS and
mock-stimulated MPI cells, it can be concluded that pro-IL-1a
did not stem from LPS-damaged dying cells (Fig. S3F).

To test the potential contribution of IL-la to LPS-induced
pathology in vivo, we challenged WT and IL-la—deficient mice
with ultrapure LPS intranasally. WT mice developed lung edema
and inflammation corresponding to earlier findings (17); how-
ever, much less damage was found in the lungs of IL-1a~'~ mice
(Fig. 3E).

MPI Cells and AMs Require LPS-Binding Protein and CD14 to Sense
Rough Form LPS. Two types of biologically active LPS are synthe-
tized by Gram-negative bacteria, smooth (S) and rough (R) form
LPS (S-LPS and R-LPS). LPS-binding proteins (LBP) and CD14
are required for the activation of cells by S-LPS via the TLR4/
myeloid differentiation factor-2 receptor complex, whereas R-LPS

E2194 | www.pnas.org/cgi/doi/10.1073/pnas.1302877110

mice were treated with 10 pg LPS intranasally, and lungs were examined histologically 2 d later (H&E staining).

activates various target cells including BMMs in the absence of
these proteins (18, 19). In agreement, we found that the TNF-a
response to S-LPS in MPI cells, AMs, and BMMs is highly de-
pendent on LBP and CD14 (Fig. 44 and Fig. S44). Surprisingly, the
responses to R-LPS in both MPI cells and AMs, but not in BMMs,
were also highly dependent on LBP and CD14 (Fig. 4B and Fig. S4
A-C). Thus, whereas similar R-LPS amounts were needed to in-
duce comparable TNF-« levels in the presence or absence of LBP
in BMMs, more than 100 times higher amounts (0.1 pg/mL vs. 0.001
pg/mL) were needed in MPI cells when LBP was absent (Fig. 4B).
Furthermore, recombinant LBP enhanced the TNF-a response to
R-LPS only minimally in BMM cultures, but strongly in MPI cells
and AMs (Fig. S4 A and B). Finally, CD14 deficiency did not in-
fluence the TNF-a response of BMMs to R-LPS but abolished the
response of MPI cells and AMs, and addition of recombinant LBP
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did not substitute for CD14 deficiency (Fig. S4 B and C). Thus, the
activation of MPI cells and AMs by R-LPS, unlike that of BMMs,
requires LBP and CD14.

MPI Cells and AMs, Unlike BMMs, Produce High Levels of Proinflammatory
Cytokines, but No Anti-Inflammatory IL-10 in Response to Mycobacterium
tuberculosis, Trehalose Dimycolate, and Adenovirus. The striking simi-
larities between MPI cells and AMs shown above raised the ques-
tion if these cells react similarly to air-born pathogens as well. In
response to the heat-killed lung pathogen Mycobacterium tuber-
culosis and its component, trehalose dimycolate (cord factor,
TDM), as well as to adenovirus (Ad), MPI cells and AMs secreted
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much higher amounts of IL-6 (Fig. 5 A and B) than BMMs.
However, in sharp contrast to BMMs, they secreted IL-1a but not
IL-10 (Fig. 5 A and B). The finding of a poor proinflammatory
and a strong IL-10 response of BMMs to M. tuberculosis and TDM
is in agreement with previous findings (20). Overall, in contrast to
BMMs, MPI cells and AMs exhibit a similar highly proinflam-
matory phenotype to the air-born microbes used.

GM-CSF-Induced STAT5 Confers Self-Renewing Capacity to MPI Cells
and Maintains Their Innate Reactivity. The presence of GM-CSF is
required for the proliferation of MPI cells (Fig. 1C and Fig. S14).
GM-CSF signaling leads to the induction of several pathways in-
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cluding the activation of STAT5 (6, 21). We found that pro-
liferating MPI cells express activated STATS, as evidenced by its
nuclear localization (Fig. 64). Removal of GM-CSF resulted in the
disappearance of the nuclear STATS levels (Fig. 64), prolifer-
ation arrest (Fig. 1C and Fig. S14), and a strong reduction of the
IL-6 response to microbial stimulation (Fig. 6D). To evaluate
the functional role of STATS, we transduced MPI cells with
retroviruses expressing CD4 and a constitutively active form
(caSTATS) (22). The transduced cells expressed STATS in the
nucleus and proliferated without GM-CSF at the same rate as
cells transduced with a control CD4-expressing retrovirus in its
presence (Fig. 64 and B). In addition, the response of transduced
cells to R-LPS, like that of GM-CSF-dependent WT cells, was
entirely LBP dependent (Fig. 6C). Furthermore, the cytokine
responses of caSTATS5-expressing cells to various microbial
agents were comparable to those of WT cells grown in the pres-
ence of GM-CSF (Fig. 6D).

Discussion

In the present study we report the establishment and properties
of self-renewing, primary, GM-CSF-dependent macrophages (MPI
cells). MPI cells are model cells of differentiated tissue macro-
phages prepared without genetic manipulation or oncogenic trans-
formation and share a number of properties with alveolar mac-
rophages. Using GM-CSF and M-CSF, DC lines have been
established previously from mouse spleen (23, 24). We compared
one of them, the SP37A3 cells (24), to the MPI cells. Our analysis
of the gene expression profiles, surface markers, and responses to
innate stimuli showed that SP37A3 cells are quite different from
MPI cells.

Depending on its concentration, GM-CSF induces the gener-
ation of macrophages, DCs, and neutrophil or eosinophil gran-
ulocytes from HSC:s in vitro (25). The concentration of GM-CSF
that we used to establish MPI cells from fetal liver (20-50 ng/
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mL) leads to the development of DCs with a limited life span
from BM (26) or from isolated fetal liver HSCs (27). This sug-
gests also that the original GM-CSF-responding cell determines
which cell type is generated and that the precursor of MPI cells is
probably not the HSC.

GM-CSF triggers several signaling pathways and transcription
factors such as c-Myc, pim-1, CCAAT/enhancer-binding protein
alpha, PU.1, and STATS (6, 21). Our finding that the expression
of caSTATS abolished the need for GM-CSF indicates a pivotal
role for STATS in the proliferation and maintenance of the
characteristic proinflammatory phenotype of MPI cells. A role
for STATS in the proliferation of B and T cells, DC, and mast
cell progenitors, but not in macrophage self-renewal, has been
demonstrated (28, 29).

Concomitant up-regulation of two stem cell-inducing factors,
KLF4 and Myc, enables the continuous proliferation of MafB/c-
Maf~~—deficient mature monocytes and macrophages to high
concentration of M-CSF in vitro (30). Similarly, MPI cells do not
express MafB and c-Maf and, compared with BMMs, exhibit
elevated levels of KLF4 and c-Myc. Further studies should clarify
the potential role of these factors in the self-renewing capacity of
the MPI cells.

BMMs generated in vitro are widely used in macrophage studies.
We show that MPI cells and BMMs represent two functionally very
distinct macrophage types. In response to LPS, MPI cells and
BMMs exhibit several exclusively activated genes. MPI cells show
stronger proinflammatory cytokine responses, reduced IFN of, and
no anti-inflammatory IL-10 response to several microbial agents.

The finding that the cytokine response of MPI cells to R-LPS
strictly depends on LBP and CD14 is surprising. According to
the current consensus, LBP/CD14 help is required for S-LPS—
but not R-LPS-triggered cell activation (18, 19, 31). Therefore,
our present finding suggests the existence of an alternative, cell
type-specific activation mechanism in MPI cells and AMs.
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Another remarkable property of the MPI cells is their high
sensitivity to the air-born pathogens M. tuberculosis and adenovirus
and to mycobacterial TDM. All these agents, like the TLR ligands
LPS and FSL-1, induce a strong proinflammatory but no IL-10
response. Clearly, GM-CSF-induced cell differentiation is an im-
portant factor in the high sensitivity of MPI cells and AMs to
M. tuberculosis and TDM. In agreement, human monocyte-derived
macrophages differentiated under GM-CSF could survive an
otherwise lethal M. tuberculosis infection and could severely limit
M. tuberculosis replication (32). The expression of the scavenger
receptor MARCO probably explains the high sensitivity of MPI
cells and AMs to M. tuberculosis and TDM (33). MARCO, how-
ever, is not essential for the M. tuberculosis and TDM-induced
IL-10 response because MARCO-negative BMMs produced sub-
stantial amounts of this cytokine upon activation. Notably, the
absence of IL-10 production to all microbial agents tested suggests
a general lack of the IL-10 response in MPI cells and is likely to
amplify the proinflammatory cytokine response of these cells to
microbial stimuli.

Cell morphology, expression of selected surface markers, high
sensitivity, and the unique proinflammatory cytokine responses to
microbial agents, including LPS, M. tuberculosis, TDM, and Ad, as
well as the need for CD14 and LBP to sense R-LPS indicated
a strong functional relationship between MPI cells and AMs. Im-
portantly, AMs can self-renew in vivo (2, 13), proliferate, and
differentiate into multinucleated giant cells in response to GM-
CSF in vitro (34) similarly to findings on the MPI cells. In naive
animals, GM-CSF is required for the terminal differentiation of
AMs (6). Impaired GM-CSF signaling leads to defective innate
activity in AMs and to high susceptibility to lung infections (35). In
line with these data, GM-CSF-deprived or M-CSF-grown MPI
cells show reduced cytokine production to various microbial
agents, which further supports their similarity to AMs.

The finding that MPI cells and AMs secrete high levels of pro—
IL-1a in response to LPS was unexpected. As is so far known, LPS
induces only pro-IL-1a in BMMs and DCs and a second stimulus is
needed for the cleavage and secretion of mIL-1a; the involvement
of calpain enzymatic activity and caspase 1 have been shown (8,
36, 37). Thus, the secretion of large amounts of pro-ILa by LPS-
stimulated MPI cells points to a not-yet-characterized IL-1a se-
cretory pathway. Because both pro- and mIL-1a are functionally
active (38), this mechanism is of particular interest.

The microbial agents used in this study elicit potent in-
flammatory responses in the lung (39-42). We show that IL-1a is
decisively involved in LPS-induced lung inflammation. Because in
humans LPS contributes to acute lung injury (17), this finding may
have therapeutic consequences. We expect that AMs, cells in the
first line of defense against air-born pathogens, contribute to this
pathology by their IL-1a response. As AMs and MPI cells respond
similarly to microbial stimuli, MPI cells represent a valuable model
to study the not completely understood molecular mechanisms of
IL-1a production.

Unlike other types of primary macrophages, MPI cells from
various WT, gene-deficient, or transgenic mice strains can be
propagated indefinitely in unlimited quantities and can be easily
manipulated genetically. Their use therefore can reduce the need
for living animals in macrophage studies. Due to their high sen-
sitivity to microbial ligands, selected MPI lines can be used for
biological testing of compounds of interest. As an example,
TLR4-deficient MPI cells represent a sensitive tool to identify
contaminants in LPS preparations (detection limit: 10-50 pg/mL).

In summary, we established a type of GM-CSF/STATS5-
dependent macrophage model cell that reproduces the innate
immune characteristics of AMs. We report a unique pattern of
innate responses in this system, not yet observed in other mono-
nuclear phagocytes, and an unprecedented regulation of IL-1a
production that likely plays a central role in lung inflammation
in vivo. Our studies therefore reveal as yet unknown aspects of
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macrophage biology, and MPI cells may prove useful in future
biomedical research.

Materials and Methods

Mouse Strains and Lung Disease. C57BL/6 (BL6) and C57BL/10 (BL10) mice, as
well as TLR4-deficient BL10 (ScN), human TLR4 transgenic ScN (15), CD147~
BL6 (43), Rag2™'~ BALB/c (44), and IL-1Receptor™~ BL6 (45) mice were bred
under specific pathogen-free conditions at the Max Planck Institute and
IL1a~'~ BL6 (46) mice at Ben-Gurion University. LPS-induced lung injury was
elicited as described (17). The animal experiments were approved by the ani-
mal welfare committee at the Regierungsprasidium (regional board) Freiburg
and by the Animal Committee, Ben Gurion University of the Negev.

Generation of MPI Cells. As a matter of routine, MPI cells were prepared from
fetal livers of 15- to 19-d-old mouse embryos. Moreover, we succeeded in
preparing the cells also from livers of mice up to 2 wk after birth. Liver single-
cell suspensions (0.5 x 10° cell/mL) were washed in PBS and resuspended in
MPI cell medium consisting of RPMI 1640 containing 10% (vol/vol) FCS and
supplemented with 20-50 ng/mL murine GM-CSF (usually 30 ng/mL). Both
recombinant GM-CSF or supernatants from the GM-CSF—producing line x63-
Ag8 (47) can be used. After 4-6 d, rapidly proliferating cells were sub-
cultured by splitting them 1:5. For this purpose, floating cells and adherent
cells, detached with PBS/1.5 mM EDTA, were combined, centrifuged, and
resuspended in fresh MPI medium. Cells proliferated more slowly after 2-3
wk of culture. GM-CSF was replenished weekly, and subcultures in MPI me-
dium were made when total (attached and floating) cell density reached
~0.5 x 108 cell/mL. After 6-8 wk in culture, cells proliferated at a stable rate,
and stocks (MPI cells) were cryopreserved. Further subcultures could be done
weekly for at least 90 passages without morphological or functional changes.

Cells, Stimulations, and Detection of Intracellular, Surface, and Secreted
Proteins If not stated otherwise, MPI cells refer to the WT MPI-2 line. MPI cells
were transduced with pMys retroviruses (Cell Biolabs) expressing the CD4
antigen or CD4 and the Stat5b-CA gene or the mKO2-hCdt1 reporter of the
Fucci technology (48). CD4-expressing MPI cells were purified by FACS before
further culture. BMMs and BMDCs were generated as described (26, 49).
SP37A3 cells were grown as described (24) but without M-CSF. For induction
of cytokines and sCD14, the different cell types were stimulated in 96-well
plates (10° cells/0.2 mL per well) and for Western blot or microarray analysis
in six-well plates (3 x 10° cells/3 mL per well). The levels of secreted TNF-a
and IFN-af were determined after 6 h of stimulation; of IL-1q, I-16, IL-6, IL-10,
and sCD14 after 24 h; or as indicated.

Mouse AMs were obtained by bronchoalveolar lavage as described (50).
Briefly, lungs were washed with Ca- and Mg-free PBS five times through
a catheter inserted into the trachea. The cells obtained from several mice
(6-10) were pooled, washed, resuspended in RPMI 1640 containing 10%
FCS and 30 ng/mL GM-CSF (0.5 x 10° cells/mL) and plated in 96-well plates
(10° cells/0.2 mL per well). After 2 h of culture, the nonadherent cells were
removed, and the adherent cells were stimulated in fresh culture medium as
described above.

Lewis lung carcinoma cells were grown and injected as described (51).
P. acnes, adenovirus, and ultra pure LPS preparations were prepared as
described (49, 52, 53). Unless otherwise indicated, R-LPS was used. P. acnes
was stained with an Alexa 647 labeling kit from Invitrogen. TDM, CpG ODN
1668, and poly I:C were from Enzo Life Sciences. FSL-1 and early log phase
H37Rv M. tuberculosis were kindly provided by K. Wiesmdller (EMC Micro-
collections, Tubingen, Germany) and N. Reiling and C. Holscher (For-
schungsinstitut Borstel, Borstel, Germany), respectively. All nonendotoxin
activators were LPS-free (less than 1 pg LPS/50 ug agent or 1 pg LPS/10"" viral
particles). Murine LBP was from Biometec. Secreted cytokines and in-
tracellular proteins were detected by commercial antibodies using ELISA or
immunoblotting. Cell-surface antigens were detected by commercial anti-
bodies using FACS.

Global Gene Expression Profiling. Total cellular RNA was prepared with TRIzol
(Invitrogen). Newly synthesized RNA obtained with 4-thiouracil labeling of
cells at 250 pM in culture medium for 60 min was affinity-purified as de-
scribed (54). RNA samples were amplified and labeled using the Affymetrix
One-Cycle Target Labeling Kit and were hybridized to Affymetrix MG 430
2.0 arrays.

Data Analysis and Statistics. Data were analyzed using Prism GraphPad

software. Data in all figures are presented as mean, and error bars show SEM
from at least three independent experiments.
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