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Th1/Th2-Regulated Expression of Arginase Isoforms in Murine
Macrophages and Dendritic Cells

Markus Munder, 1* Klaus Eichmann,* JoséM. Morá n,† Francisco Centeno,† Germán Soler,†

and Manuel Modolell2*

Activated murine macrophages metabolize arginine by two alternative pathways involving the enzymes inducible NO synthase
(iNOS) or arginase. The balance between the two enzymes is competitively regulated by Th1 and Th2 T helper cells via their
secreted cytokines: Th1 cells induce iNOS, whereas Th2 cells induce arginase. Whereas the role of macrophages expressing iNOS
as inflammatory cells is well established, the functional competence of macrophages expressing arginase remains a matter of
speculation. Two isoforms of mammalian arginases exist, hepatic arginase I and extrahepatic arginase II. We investigated the
regulation of arginase isoforms in murine bone marrow-derived macrophages (BMMF) in the context of Th1 and Th2 stimulation.
Surprisingly, in the presence of either Th2 cytokines or Th2 cells, we observe a specific induction of the hepatic isoform arginase
I in BMM F. Induction of arginase I was shown on the mRNA and protein levels and obeyed the recently demonstrated synergism
among the Th2 cytokines IL-4 and IL-10. Arginase II was detectable in unstimulated BMMF and was not significantly modulated
by Th1 or Th2 stimulation. Similar to murine BMM F, murine bone marrow-derived dendritic cells, as well as a dendritic cell line,
up-regulated arginase I expression and arginase activity upon Th2 stimulation, whereas arginase II was never detected. In addition
to revealing the unexpected expression of arginase I in the macrophage/monocyte lineage, these results uncover a further intrigu-
ing parallelism between iNOS and arginase: both have a constitutive and an inducible isoform, the latter regulated by the Th1/Th2
balance. The Journal of Immunology,1999, 163: 3771–3777.

CD41 T cells can be subdivided into twomain subsets
that are distinguished by different patterns of secreted
cytokines (1, 2). Th1 cells produce IL-2, IFN-g, and

TNF-b, whereas Th2 cells produce IL-4, IL-5, IL-6, IL-10, and
IL-13. Accordingly, Th1 cells initiate and participate in cell-
mediated immune reactions, including the activation of inflam-
matory macrophages. Th2 cells are involved in humoral im-
mune reactions, activate mast cells and eosinophils, and often
exhibit antiinflammatory properties.

A major effector pathway of inflammatory macrophages is me-
diated by NO that is synthesized by inducible NO synthase
(iNOS)3 usingL-arginine as the substrate. NO has been shown to
be a crucial host-protective, anti-microbial effector molecule as
well as a potential host-destructive mediator in diverse settings of
immunopathology (3–5). The alternative metabolic pathway ofL-
arginine is catalyzed by arginase that convertsL-arginine to L-
ornithine and urea. Amphibians and mammals express two iso-
forms, arginase I and arginase II (reviewed in Ref. 6). Both
isoforms catalyze the same reaction, i.e., the final step of urea
synthesis in the urea cycle. Nevertheless, they are encoded by dif-

ferent genes, are immunologically non-cross-reactive, and differ
with respect to cellular distribution and mode of regulation. Argi-
nase I is a cytosolic enzyme, expressed almost exclusively in the
liver, and acts in trimeric configuration (7). Arginase II is a mito-
chondrial enzyme with widespread tissue distribution, most prom-
inently in kidney, lactating mammary gland, prostate, small intes-
tine, and brain. Contrary to iNOS, little is known about the
regulation and function of the arginases within the immune system.
It has been speculated that arginase participates in the regulation of
NO synthesis by competing for the common substrateL-arginine
(8, 9). Other putative functions include an involvement in fibro-
genic or reparative processes via collagen synthesis or antiinflam-
matory actions via production of polyamines (6).

In previous studies, we could demonstrate that Th1 and Th2
cytokines (9, 10) as well as the corresponding T cells (11) com-
petitively regulate the balance ofL-arginine metabolism in murine
macrophages. While Th1 cells and cytokines induce iNOS and
suppress arginase, Th2 cells and cytokines induce arginase and
suppress iNOS. In the present study, we investigated the regulation
of arginase isoforms in macrophages upon Th1 and Th2 stimula-
tion. Furthermore, we extended our analysis to murine dendritic
cells, the second major class of myeloid APCs. We demonstrate
that the isoform of arginase up-regulated in murine macrophages
and dendritic cells in the context of a Th2 immune response cor-
responds to the liver-specific enzyme, whereas the extrahepatic
isoform is constitutively expressed.

Materials and Methods
Medium and reagents

All cell cultures were performed in DMEM supplemented with 10% heat-
inactivated FCS, 2 mML-glutamine, 60mM 2-ME, 1 mM sodium pyru-
vate, 13 nonessential amino acids, 100 U/ml penicillin, and 100mg/ml
streptomycin (Life Technologies, Paisley, U.K). Conalbumin was pur-
chased from Calbiochem (La Jolla, CA);L-arginine, pigeon cytochromec
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(PCC), Triton X-100,a-isonitrosopropiophenone, sulfanilamide, andN-
(1-naphthyl)ethylenediamine dihydrochloride were obtained from Sigma
(Deisenhofen, Germany). LPS (fromSalmonella abortus equi) was gener-
ously provided by Dr. C. Galanos (Max-Planck-Institut fu¨r Immunbiologie,
Freiburg, Germany).

Cytokines and animals

Recombinant murine IFN-g was obtained from Genentech (South San
Francisco, CA), IL-10, GM-CSF, and TNF-a from Pepro-Tech (London,
U.K.), IL-4 and IL-13 were purchased from R&D Systems (Abingdon,
U.K.).

Mice of strain AKR/N, C57BL/6, and C57BL/6 in which the IL-10 gene
was deleted by homologous recombination (IL-10 KO mice) were obtained
from the specific pathogen-free animal facilities of the Max-Planck-Institut
and were used between 6 and 8 wk of age.

Determination of arginase activity

Arginase activity was measured in cell lysates with slight modifications, as
previously described (12). Briefly, cells were lysed with 100ml of 0.1%
Triton X-100. After 30 min on a shaker, 100ml of 25 mM Tris-HCl was
added. To 100ml of this lysate, 10ml of 10 mM MnCl2 was added, and the
enzyme was activated by heating for 10 min at 56°C. Arginine hydrolysis
was conducted by incubating the lysate with 100ml of 0.5 M L-arginine
(pH 9.7) at 37°C for 15–120 min. The reaction was stopped with 900ml of
H2SO4 (96%)/H3PO4 (85%)/H2O (1/3/7, v/v/v). The urea concentration
was measured at 540 nm after addition of 40ml a-isonitrosopropiophenone
(dissolved in 100% ethanol) followed by heating at 95°C for 30 min. One
unit of enzyme activity is defined as the amount of enzyme that catalyzes
the formation of 1mmol of urea per min.

NO measurement

NO was measured as nitrite using the Griess reagent. Culture supernatant
was mixed with 100ml of 1% sulfanilamide, 0.1%N-(1-naphthyl)ethyl-
enediamine dihydrochloride, and 2.5% H3PO4. Absorbance was measured
at 540 nm in a microplate reader (Molecular Devices, Ismaning, Germany).

Generation of bone marrow-derived macrophages (BMMF) and
dendritic cells

Bone marrow cells were obtained by flushing the femurs of mice. Cells
were cultured as previously described (13) in hydrophobic Teflon bags
(Biofolie 25; Heraeus, Hanau, Germany) in DMEM containing 10% heat-
inactivated FCS, 5% horse serum, and the supernatant of L929 fibroblasts
at a final concentration of 15% (v/v) as a source of CSFs that drive cell
proliferation toward a pure population of BMMF.

Bone marrow-derived dendritic cells (BMDC) were differentiated using
a modified protocol of Inaba et al. (14). Bone marrow cells (13106) were
cultured in a final volume of 1 ml in 24-well flat-bottom plates (Costar,
Cambridge, MA) in GM-CSF (5 ng/ml)-containing medium. On days 2 and
4, the plates were swirled vigorously, 750ml medium (with nonadherent
cells) were discarded and replaced with fresh GM-CSF containing medium.
On day 6, when the emerging dendritic cells have already started to detach
from the adherent clusters, and on day 8, 500ml medium were carefully
(without swirling the plates) replaced with fresh GM-CSF containing me-
dium. The nonadherent cells were finally harvested on day 10.

Cells

D10G4 is a CD41, abTCR1, I-Ak-restricted Th2 T cell clone recognizing
conalbumin residues 134–146 (15). AE7 is a CD41, abTCR1, I-Ek-re-
stricted Th1 T cell clone recognizing the carboxyl-terminal fragment 81 to
104 of PCC (16). Both T cell clones were maintained by biweekly stim-
ulation with 30 Gy-irradiated splenocytes (AKR/N mice) and 50mg/ml of
the appropriate Ag. D2SC/1 is a retrovirally immortalized dendritic cell
line (17) that was generously provided by Dr. P. Ricciardi-Castagnoli
(Consiglio Nazionale delle Ricerche Center of Cellular and Molecular
Pharmacology, Milan, Italy).

Ag presentation assays

For determination of arginase activity and nitrite production in BMDC-T
cell cocultures (53 104 and 13 105 cells, respectively), experiments were
set up in 96-well flat-bottom plates in a final volume of 200ml in the
presence of the indicated concentrations of Ag. After 48 h, supernatants
were harvested for nitrite determination and cell lysates prepared for ar-
ginase determination. To analyze the expression of arginase I and iNOS
protein in BMMF-T cell cocultures by Western blot, 53 106 BMMF were
cultured together with 13 107 T cells and the respective Ag in 55 mm

Petriperm hydrophob petri dishes (Heraeus) in a final volume of 5 ml, and
cell lysates prepared after 48 h.

SDS-PAGE and Western blot analysis

Cells were stimulated in 55 mm Petriperm hydrophob petri dishes in a final
volume of 5 ml. After 48 h, cells were harvested with a rubber policeman,
washed twice in PBS, pelleted, and lysed for 30 min on ice in 200ml of
lysis buffer, consisting of 150 mM NaCl, 10 mM Tris-HCl (pH 7.5), and
0.5% Triton X-100. Cell debris was spun down at 13,0003 g for 5 min at
4°C, and protein concentrations of the cleared cellular lysates were deter-
mined by the bicinchoninic acid assay (Pierce, Rockford, IL). The samples
were mixed 1:1 with sample buffer (125 mM Tris-HCl (pH 6.8), 20%
glycerol (v/v), 4% SDS, 40 mM DTT, and 0.01% bromphenol blue), boiled
for 5 min, and 20mg aliquots of protein were separated on a 7.5% (for
detection of iNOS) or 12.5% (for detection of arginase) SDS-PAGE gel.
The proteins were transferred to a nitrocellulose membrane (Schleicher &
Schuell, Keene, NH), which was then blocked with 5% nonfat dry milk in
PBS at 4°C overnight. In the case of iNOS detection, the membrane was
incubated with a monoclonal anti-iNOS Ab (Transduction Laboratories,
Lexington, KY) for 1 h and subsequently with alkaline phosphatase-con-
jugated goat anti-mouse IgG (Rockland, Gilbertsville, PA) for 1 h. In the
case of arginase detection, the membrane was incubated for 1 h with a
1:5000 dilution of a polyclonal rabbit anti-rat arginase I antiserum (18),
which is cross-reactive to murine arginase I. The membrane was then in-
cubated with alkaline phosphatase-conjugated goat anti-rabbit Ig (Southern
Biotechnology Associates, Birmingham, AL). Finally, the blots were in-
cubated with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium
reagent (Kierkegaard & Perry Laboratories, Gaithersburg, MD) for
10–15 min.

RNA extraction and RT-PCR

Cells (1 3 106) were stimulated in 24-well flat-bottom plates in a final
volume of 1 ml. At the indicated time points, total cellular RNA of the cells
was prepared with TriReagent (Molecular Research Center, Cincinnati,
OH), according to the manufacturer‘s instruction. Reverse transcription
was performed at 37°C for 60 min in 30ml containing 3mg of total RNA,
0.4 mM of each dNTP and 50m pd(N)6 (all from Pharmacia, Freiburg,
Germany), 200 U Moloney murine leukemia virus reverse transcriptase, 1
mM DTT (both from Life Technologies), 50 mM Tris-HCl (pH 8.3), 3 mM
MgCl2 and 62.5 mM KCl. A total of 0.01–1ml of the resulting cDNA
(adjusted to a concentration of 50 ng/ml input RNA) was then amplified by
PCR in a 50ml reaction mixture containing 0.2 mM of each dNTP, 1 mM
DTT, 200 nM of each primer, 0.6 UTaq polymerase (HT Biotechnology,
Cambridge, U.K.), 10 mM Tris-HCl (pH 9.0), 1.5 mM MgCl2, 50 mM KCl,
0.01% (w/v) gelatin, and 0.1% Triton X-100. PCR amplification was per-
formed in a DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, CT) for 35
cycles after an initial denaturation step for 5 min at 95°C with the following
parameters: 20 s at 95°C, 20 s at 56°C, and 30 s at 72°C. The PCR products
were run on a 1.5% agarose gel and stained with ethidium bromide. The
sequences for the primers used are: arginase I sense primer, 59-CAGAA
GAATGGAAGAGTCAG-39 and arginase I antisense primer, 59-CA
GATATGCAGGGAGTCACC-39 generating a 250-bp PCR product, argi-
nase II sense primer, 59-TGATTGGCAAAAGGCAGAGG-39 and arginase
II antisense primer, 59-CTAGGAGTAGGAAGGTGGTC-39 generating a
310-bp PCR product,b-actin sense primer, 59-TGGAATCCTGTG
GCATCCATGAAAC-39 and b-actin antisense primer, 59-TAAAACG
CAGCTCAGTAACAGTCCG-39 generating a 348-bp PCR product.

Statistical evaluation

Results were analyzed by ANOVA without repeated measurement correc-
tion and by Dunnett’s multiple comparison test.

Results
Induction of arginase I mRNA in murine BMMF by Th2
cytokines

Cytokine-mediated regulation of arginase isoforms in murine
BMMF was investigated by RT-PCR with primers that discrimi-
nate between arginase I and II cDNA sequences. The identities of
the amplified products were ensured by DNA sequencing (data not
shown). Murine liver (arginase I) and kidney (arginase II) cDNA
preparations were employed as positive/negative controls. In the
experiment depicted in Fig. 1A, arginase I mRNA was not detected
in unstimulated BMMF. In the presence of the Th2 cytokine IL-4,
a prominent induction of arginase I mRNA was observed within
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2 h of stimulation. Whereas IL-10 stimulated a far less pronounced
and transient expression of arginase I mRNA, this cytokine effi-
ciently enhanced the induction of arginase I mRNA by IL-4, con-
firming the previously observed synergism between these cyto-
kines as determined by measuring arginase activity (11). Th1
cytokines did not induce arginase I mRNA until 24 h of stimula-
tion when a moderate induction of arginase I mRNA was notable
upon stimulation with IFN-g or IFN-g 1 TNF-a. Induction of
arginase I mRNA by Th1 cytokines did not take place in BMMF
of mice in which the IL-10 gene was deleted by homologous re-
combination (Fig. 1B), and is therefore probably a secondary effect
of IL-10, secreted by the macrophages upon Th1 cytokine stimu-
lation. On the other hand, blocking experiments with a mAb
against IL-10, which completely blocked arginase induction by
exogenously added IL-10, solely demonstrated a partial inhibition
of arginase induction (reduction of the 48 h stimulation index of
arginase induction of BMMF induced with IFN-g 1 TNF-a from
3.1 to 2.1 upon addition of the anti-IL10 mAb, data not shown).
Considering the clear-cut results with the IL-10 KO mice, endog-
enously produced IL-10 is probably able to signal rapidly via its
receptor before it can be completely blocked by the Ab.

Arginase II mRNA was detectable in unstimulated BMMF, sug-
gesting that this isoform is responsible for the background activity
of arginase in resting macrophages. No significant modulation of
arginase II mRNA was seen under all conditions of stimulation at
all time points tested. It should be mentioned that in two of five
experiments, a weak signal of arginase I mRNA was detectable by
RT-PCR also in unstimulated BMMF. Minor differences in the
preactivation status of the BMMF may be responsible for these
slightly varying results (also see below).

Induction of arginase I protein in murine BMMF by Th2
cytokines

Selective induction of arginase I on the protein level was investi-
gated by Western blot analysis, employing a rabbit anti-arginase I
polyclonal antiserum (18). Lysates of murine liver and kidney

served as positive and negative controls, respectively (Fig. 2A). As
previously shown, the polyclonal antiserum reacts with two
polypeptides of murine hepatic arginase with m.w. of 35 and 38
kDa, presumably arising by alternative translation initiation (19) or
by posttranscriptional modification (18, 20). Murine BMMF were
stimulated with various cytokines for 48 h, cell lysates were sep-
arated by SDS-PAGE and analyzed for iNOS and arginase by
Western Blot (Fig. 2B). Arginase activities were determined in the
same cell lysates, and nitrites were determined in the supernatants
of the cultures at 48 h (before lysate preparation) and are indicated
below each lane. The competitive regulation of the two pathways
of arginine metabolism is demonstrated by the reciprocal induction
of arginase I and iNOS. Th2 cytokines did not induce iNOS ac-
tivity or protein but efficiently induced arginase I activity and pro-
tein, with a pronounced synergism between IL-4 and IL-10. The
Th1 cytokine IFN-g alone failed to induce arginase or iNOS.
IFN-g in cooperation with TNF-a caused a pronounced induction
of iNOS and only a marginal induction of arginase. In the exper-
iment in Fig. 2, arginase I protein was detectable even in unstimu-
lated BMMF, which was the case in two of four independent
experiments. Arginase I expression in unstimulated murine
BMMF (15–60 mU/106 cells) most probably reflects uninten-
tional preactivation of the macrophages (see also above).

Induction of arginase I in BMMF by Th2 cells

We could recently demonstrate that the iNOS/arginase balance in
macrophages is regulated by Th1 and Th2 cells via Ag-induced
secretion of their corresponding cytokines (11). The isoform of
arginase induced in macrophages by Th2 cells was tested using
two well-defined CD41 T cell clones, AE7 and D10G4, which
belong to the Th1 and Th2 subsets, respectively. BMMF of mouse
strain AKR/N served as APCs and were cocultured together with
the T cell clones and the corresponding Ag at several concentra-
tions. After 48 h, cell lysates were prepared and analyzed by SDS-
PAGE and Western blot analysis for the expression of arginase I
and iNOS (Fig. 3). As expected, the Th1 clone induced nitrites and

FIGURE 1. Cytokine-induced regulation
of arginase I and arginase II mRNA in
BMMF. A, AKR/N-BMMF (1 3 106) were
incubated with the indicated cytokines
(IFN-g, 100 U/ml; TNF-a, 500 U/ml; IL-4
and IL-10, 10 U/ml). After 2, 8, and 24 h,
RNA was extracted and cDNA prepared as
described inMaterials and Methods. Murine
liver and kidney cDNA preparations served as
internal controls. A total of 1ml cDNA (cor-
responding to 50 ng RNA) was amplified by
PCR with primers specific for arginase I and
arginase II. To control for comparable cDNA
amount, b-actin mRNA was also amplified
with 0.01 ml input cDNA. One of five inde-
pendent experiments, yielding comparable re-
sults, is shown.B, Control BMMF of strain
C57BL/6 or BMMF of C57BL/6 mice, in
which the IL-10 gene was deleted (IL-10 KO
mice) were incubated with the indicated cyto-
kines (concentrations as in Fig. 1A). After
24 h, RNA was extracted, cDNA prepared,
and amplified as described in Fig. 1A.
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iNOS protein Ag-dependently, without inducing arginase, and no
induction of iNOS or nitrites by the Th2 cells was detectable. The
Th2 clone D10G4 induced arginase activity, in the presence of Ag
to very high levels, corresponding to a strong induction of arginase
I observed by Western blotting (Fig. 3). As previously reported
(11), this Th2 clone induces considerable levels of arginase activ-
ity when cocultured with the macrophages even without Ag (here
493 mU/106 cells). As shown in Fig. 3, this background activity
corresponds to the induction of arginase I protein as well. The
induction of arginase I by the Th2 clone was also confirmed at the
level of RNA by RT-PCR (data not shown).

Competitive regulation of the iNOS/arginase balance in murine
dendritic cells by Th1 and Th2 cytokines and T cell clones

In addition to macrophages, dendritic cells represent the second
major class of myeloid professional APCs (21). The iNOS/argi-
nase balance has so far not been studied in dendritic cells. BMDC
were generated and extensively analyzed phenotypically by flow
cytometry (data not shown) as well as functionally in primary
stimulation cultures with naive T cells (data not shown). The cells
were efficient APCs and showed homogenous expression of
CD11c, MAC-1, F4/80, MHCII, and CD80. However, the cells
were heterogenous (intermediate to high) in the expression of the
costimulatory molecules CD86 and CD40, suggesting that they
differed in their state of maturity. These BMDC, as well as the
retrovirally immortalized dendritic cell line D2SC/1 (17), were an-
alyzed for expression of iNOS and arginase upon incubation with
various Th1 or Th2 cytokines (Fig. 4). In BMDC, a high resting
level of arginase activity in the range of 200–250 mU/106 cells
was reproducibly noted. Arginase activity was increased by the

Th2 cytokine IL-4. IL-10, having no significant effect on its own,
cooperated with IL-4 in arginase induction. In contrast, the Th1
cytokines up-regulated solely iNOS. A similar pattern of regula-
tion was seen with the dendritic cell line D2SC/1 (Fig. 4), with the
exception that no resting arginase activity was detectable.

To investigate the CD41 T cell-mediated regulation of iNOS
and arginase activity in BMDC, cocultures with the T cell clones
AE7 and D10G4 were performed (Fig. 5). Similar to our earlier
findings with BMMF (11), the Th1 clone induced nitrites Ag-
dependently without up-regulating arginase activity (Fig. 5). While
no induction of iNOS was seen in the BMDC/Th2 cocultures, ar-
ginase activity was up-regulated Ag-dependently to very high lev-
els (3000–3200 mU/106 cells). Similar to BMMF, the Th2 clone
also caused a significant induction of arginase activity in the
BMDC even without addition of Ag (here: 1750 mU/106 cells). As
already discussed in our earlier study (11), this might be due to cell
membrane-bound cytokines or to minimal amounts of cytokines
secreted by not completely resting T cells. Together, the data show
that the twoL-arginine metabolizing enzymes in BMDC are sub-
ject to a similar competitive regulation as in BMMF (9, 11).

Induction of arginase I mRNA and protein in murine dendritic
cells by Th2 cytokines

D2SC/1 cells were stimulated with Th1 and Th2 cytokines or LPS.
Cell lysates were prepared to analyze the induction of arginase
isoforms at the level of mRNA (Fig. 6A) and protein (Fig. 6B). In
agreement with the data on arginase activity (Fig. 4), neither ar-
ginase I nor arginase II was detected in unstimulated D2SC/1 cells
at RNA and protein level. Similar to macrophages, IL-4 and IL-13
specifically induced the hepatic isoform of arginase, while no in-
duction of arginase II (under all conditions of stimulation) was
noted.

Arginase I mRNA was induced faintly by IL-10 or by IFN-g and
more pronounced by IFN-g 1 TNF-a (Fig. 6A), but neither of
these modes of stimulation was reflected by protein induction de-
tectable by Western blot (Fig. 6B). In contrast to macrophages (see
Fig. 2), stimulation with LPS led to no detectable induction of

FIGURE 2. Cytokine-mediated regulation of arginase I and iNOS in
murine BMMF: Western blot.A, A total of 20mg of protein of liver and
kidney lysates was subjected to SDS-PAGE (12.5% polyacrylamide, w/v)
and Western blot analysis. The polyclonal rabbit antiserum, which was
generated against rat liver arginase, is cross-reactive with murine arginase
I and demonstrates no reactivity toward murine kidney-type arginase II.B,
AKR/N-BMM F (5 3 106) were stimulated in 55-mm Petriperm hydro-
phob plates with the indicated cytokines or LPS.A, No cytokine added;
IL-4, IL-10, and IL-13, 10 U/ml; LPS, 0.1mg/ml; IFN-g, 100 U/ml;
TNF-a, 500 U/ml. After 48 h, the cell lysates were subjected to SDS-
PAGE (arginase: 12.5% polyacrylamide, w/v; iNOS: 7.5% polyacryl-
amide, w/v) and Western blot. The results of parallel determinations of
arginase activities (in mU/106 cells) in aliquots of the same cell lysates are
noted below the respective lanes of the arginase blot. Nitrites were also
determined in the 48 h supernatants (before harvesting the cells), and the
concentrations (inmM) are shown below the respective lanes of the iNOS
blot. One of four experiments with similar results is shown.

FIGURE 3. Reciprocal induction of arginase I and iNOS in BMMF by
Th1 and Th2 cells. AKR/N-BMMF (5 3 106) were incubated in 55-mm
Petriperm hydrophob plates together with 13 107 Th1 (AE7) or Th2
(D10G4) cells. The respective Ag (PCC for AE7 and conalbumin for
D10G4) was added at the indicated concentrations. After 48 h, the cells
were harvested, and cell lysates were subjected to SDS-PAGE (arginase:
12.5% polyacrylamide, w/v; iNOS: 7.5% polyacrylamide, w/v) and West-
ern blot analysis. The results of parallel determinations of arginase activ-
ities (in mU/106 cells) in aliquots of the same cell lysates are noted below
the respective lanes of the arginase blot. Nitrites were also determined in
the 48 h supernatants (before harvesting the cells), and the concentrations
(in mM) are shown below the respective lanes of the iNOS blot. One of two
experiments with similar results is shown.
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arginase activity (see also Fig. 4) or arginase protein, although a
faint signal for arginase I mRNA was detectable. A prominent
finding was again the strong synergism of the Th2 cytokines IL-4
and IL-10 in the induction of arginase I.

Discussion
This study describes the unexpected finding that the arginase in-
ducible in murine macrophages in the context of a Th2 immune
response corresponds to the hepatic isoform, arginase I. The ex-
trahepatic isoform, arginase II, is constitutively expressed in mac-
rophages. Moreover, we show that a similarly regulated iNOS/
arginase balance exists in murine dendritic cells. Our study was
facilitated by the availability of a specific Ab to arginase I and by
the recently published cDNA sequence of murine arginase II (22).
Previously, only a few reports with partially inconsistent informa-
tion were available about the expression and regulation of arginase
isoforms in the macrophage/monocyte lineage. A study by Louis et
al. (23) on murine and rat peritoneal macrophages (PEM) reported
expression of both isoforms of arginase, which were further (ar-
ginase I more pronounced than arginase II) induced upon stimu-

lation with LPS. Hypoxia also led to an induction of arginase I, but
at the same time down-regulated arginase II. Similarly, Sonoki et
al. (19) reported an induction of arginase I in rat PEM by LPS. In
the RAW 264.7 cell line, thought to resemble murine PEM, up-
regulation of iNOS and arginase II was observed upon stimulation
with LPS (24), whereas another group reported the induction of
arginase I by LPS and dibutyryl-cAMP (25). Neither arginase I nor
arginase II could be detected in the macrophage-like cell lines
P388D1 and J774 (23), whereas another group observed the sup-
pression of NO production via arginase in the J774 cell line (26).

Similarly inconsistent results were also reported on the regula-
tion of arginase isoforms in tissues other than macrophages. Ar-
ginase I and arginase II were both up-regulated during hyperoxic
lung damage in rats (27). LPS caused an induction of arginase I in
rat lung and spleen in vivo (19). Another group found the consti-
tutive expression of arginase II in normal rat lung (alveolar1
bronchial epithelium, pulmonary macrophages), whereas this ex-
pression was lost during sepsis and iNOS expression was induced
(28). In a rat model of immune glomerulonephritis, arginase II was
detectable in normal glomeruli, whereas nephritic glomeruli

FIGURE 4. Induction of arginase and
iNOS in dendritic cells by various cyto-
kines. AKR/N-BMDC (53 104) were in-
cubated in a final volume of 200ml in 96-
well flat-bottom plates with the indicated
cytokines or LPS (A, no cytokine added;
IL-4, IL-10, and IL-13, 10 U/ml; LPS, 0.1
mg/ml; TNF-a, 500 U/ml; IFN-g, 100
U/ml). After 48 h, nitrites and arginase ac-
tivity were determined as described inMa-
terials and Methods. The values presented
are from one of five independent experi-
ments with similar results. Data represent
mean of triplicates with SD indicated. The
significance of cytokine-mediated induction
of iNOS or arginase was assessed by Dun-
nett’s multiple comparison test by compar-
ison with the values of unstimulated BMDC
and D2SC/1.p, p , 0.05; pp, p , 0.01.

FIGURE 5. Ag-dependent-specific induction of
iNOS or arginase in BMDC by Th1 or Th2 cells. A
total of 5 3 104 BMDC was cultured together with
1 3 105 T cells (Th1 cell clone AE7 or Th2 cell
clone D10G4, respectively) and increasing concen-
trations of the respective Ag. After 48 h, nitrites in
the supernatants and arginase activities in the cell
lysates were determined. Arginase activity in control
BMDC without added T cells was always between
220 and 245 mU/106 cells for all concentrations of
Ag and undetectable in T cell control cultures. Ni-
trites were always,2 mM in control BMDC without
added T cells and undetectable in T cell control cul-
tures. Data represent mean of triplicates with SD in-
dicated. Similar results were obtained in a total of
three independent experiments.
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expressed both arginase I and arginase II. IL-4 increased urea
production in nephritic glomeruli and had no effect on normal
glomeruli (29).

No definitive picture so far emerges on the in vivo functions of
the arginases in macrophages or other tissues, so that this issue
remains for the most part at the level of speculation. Various sug-
gestions for the extrahepatically expressed arginase II have been
made (6). Our new observations corroborate our previous sugges-
tion for a minimal function of arginase I in macrophages: the up-
regulation in the context of Th2 responses points toward an anti-
inflammatory role. Because arginase I and iNOS are expressed in
the cytosol, arginase I can inhibit iNOS by competing for the com-
mon substrateL-arginine (9). Another antiinflammatory function of
arginase might be a consequence of itssynthesis ofL-ornithine, the
precursor amino acid for the polyamines putrescine, spermidine,
and spermine. Spermine suppresses NO production in macrophages
activated with LPS (30) and inhibits specifically the synthesis of
proinflammatory cytokines in human mononuclear cells (31).

However, as arginase and iNOS are competitively regulated at
the level of gene expression, we do not think that the function of
arginase I is restricted to a negative (passive) regulation of iNOS.
Rather, it is likely that arginase I plays a positive (active) role in
the context of Th2-dominated immune responses. For example,
arginase may participate in fibrogenic processes via the synthesis
of ornithine-derived proline, an essential precursor for the produc-
tion of collagen. In a murine model of granulomatous inflamma-
tion, it was shown that the tissue-destructing fibrosis of Th2 type

granuloma is due to an IL-4-induced synthesis of collagen (32).
Additionally, an in vivo model of liver fibrosis showed that
BALB/c mice, demonstrating a Th2 cytokine profile, developed
massive liver fibrosis, whereas the Th1 cytokine profile of
C57BL/6 mice was accompanied by only minimal fibrosis. Neu-
tralization of IL-4 in BALB/c mice resulted in a drastic reduction
of fibrosis (33). Arginase might also play a similar role during
wound healing. A reciprocal regulation of iNOS and arginase ac-
tivity was already demonstrated in rats with iNOS up-regulation in
the early phase of wound healing, probably creating a cytotoxic
environment, and arginase up-regulation in the later, reparative
phase (34). The hypoxic environment in healing wounds could be
one additional inducer of arginase (23).

While an induction of iNOS in dendritic cells via stimulation
with IFN-g 6 LPS was already described in the literature (17, 35),
we demonstrated in this study for the first time that dendritic cells
express the alternative enzyme arginase. The high background
level of arginase activity in the BMDC is causally unclear, but is
probably induced by the cytokine GM-CSF, which is used for dif-
ferentiation of the cells. In BMMF, GM-CSF induces arginase
activity in the range of 100–150 mU/106 cells (data not shown).

Regarding expression of arginase I, a recent paper demonstrated
that the regulation in liver and RAW 264.7 macrophages clearly
differs (25). Whereas arginase I is induced in the liver by glucocor-
ticoids (36), dexamethasone led to no induction of arginase I in
RAW 264.7 macrophages and even inhibited arginase I up-regu-
lation induced by LPS (25). Dexamethasone also led to no arginase
induction in our BMMF (data not shown). Besides our previous
demonstration of the involvement of protein kinase A in the in-
duction of arginase in BMMF (37), the Th2 cytokine-associated
signal transduction pathways and the molecular events leading to
induction of arginase in macrophages and dendritic cells are
largely unknown.

Regarding the level of regulation, the induction of arginase I
mRNA always seemed to account for the increase in detectable
protein in the Western blot and the concomitant increase in mea-
surable arginase activity. We recently elucidated the strong syn-
ergistic induction of arginase activity in BMMF by combinations
of Th2 cytokines (most pronounced between IL-4 and IL-10) as
the basis of the very efficient induction of the enzyme by Th2 cells.
Now, we could demonstrate that this novel synergism is also seen
on RNA and protein level. Nevertheless, further studies are needed
to determine whether the Th2-mediated regulation of arginase ex-
pression is solely transcriptionally or also on translational or post-
translational levels.

Our findings provide new insights into the complex regulation
of this still rather unknown family of enzymes and should help to
clarify the functional importance of arginase within the immune
system. An intriguing observation of this study is the detection of
a further strong element of similarity between the two enzymatic
pathways of arginine metabolism in macrophages and dendritic
cells: both pathways are mediated by two isoenzymes, one consti-
tutively expressed and the other inducible. Most probably, this
reflects different functions fulfilled by the two isoforms in different
cell types and subcellular localizations under varying (patho-)
physiologic circumstances.

Note added in proof.Since the submission of this manuscript a
study (C. A. Louis, V. Mody, W. L. Henry, Jr., J. S. Reichner, and
J. E. Albina. 1999. Regulation of arginase isoforms I and II by IL-4
in cultured murine peritoneal macrophages.Am. J. Physiol. 276:
R237) was published that addressed some aspects of the work pre-
sented here and demonstrated the selective up-regulation of argi-
nase I in murine peritoneal macrophages.

FIGURE 6. Cytokine-mediated induction of arginase I mRNA and ar-
ginase I protein in dendritic cells.A, D2SC/1 cells (13 106) were incu-
bated with the indicated cytokines (IL-4, IL-10, and IL-13, 10 U/ml;
IFN-g, 100 U/ml; TNF-a, 500 U/ml) or LPS (0.1mg/ml). After 6 h and
24 h, RNA was extracted and cDNA prepared. A total of 1ml cDNA
(corresponding to 50 ng RNA) was amplified by PCR with primers specific
for arginase I and arginase II. To control for comparable cDNA amount,
b-actin mRNA was also amplified with 0.01ml input cDNA. One of three
independent experiments, yielding comparable results, is shown.B,
D2SC/1 cells (53 106) were stimulated in 55-mm Petriperm hydrophob
petri dishes with the indicated cytokines or LPS.A, No cytokine added;
IL-4, IL-10, and IL-13, 10 U/ml; IFN-g, 100 U/ml; TNF-a, 500 U/ml; LPS,
0.1 mg/ml. After 48 h, the cell lysates were subjected to SDS-PAGE
(12.5% polyacrylamide, w/v) and Western blot analysis. The results of
parallel determinations of arginase activities (in mU/106 cells) in aliquots
of the same cell lysates are noted below the respective lanes of the arginase
blot. One of three independent experiments, yielding comparable results, is
shown.
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