
Peritoneal macrophages suppress T-cell activation by amino acid
catabolism

Introduction

Immunity relies upon cellular collaboration within organ-

ized lymphoid tissue. T lymphocytes require cognate

interaction with B cells, macrophages, or dendritic cells,

collectively known as antigen-presenting cells (APCs).

Macrophages and dendritic cells gather antigen from tis-

sue spaces, process this material, and deliver it to regional

lymphoid tissue to present in association with major his-

tocompatibility complex (MHC) molecules to T cells. The

differentiation state of the APC is critical for promoting

T-cell activation or tolerance. APCs patrol tissue spaces

performing non-inflammatory housekeeping duties.1

Primarily as a result of the difficulty of obtaining suffi-

cient numbers of them, most studies of APC function do

not work with such ‘resident’ cells. Instead, studies of

dendritic cells have focused upon those generated in vitro

from cytokine-treated bone marrow cells and macrophage

research primarily has relied upon cells drawn to the

peritoneum by thioglycollate, peptone, or lipopolysaccha-

ride (LPS) administration.2–4 The methods tradition-

ally employed to isolate these cells commit them to their

classic functional role as inducers of T-cell activation.5

APCs with the capacity to temper inflammation and

lymphocyte activation have been described. Myeloid sup-

pressor cells (MSCs) have been observed in situations of

chronic immune activation, tumour development and

autoimmunity.6 In addition to cases of immune perturba-

tion, there are examples of MSCs promoting tissue home-

ostasis. MSCs at sites of high microbial traffic, such as

respiratory and intestinal epithelia, have been shown to

curb lymphocyte activation.7–11 These surfaces are also

R. Matlack,1 K. Yeh,1 L. Rosini,2

D. Gonzalez, J. Taylor,3

D. Silberman, A. Pennello4 and

J. Riggs

Department of Biology, Rider University,

Lawrenceville, NJ 08648–3099

doi:10.1111/j.1365-2567.2005.02312.x

Received 17 September 2005; revised 15

October 2005; accepted 10 November 2005.

Present addresses: 1Genome Data Systems,

Princeton, NJ, USA, 2Bristol-Myers Squibb,

New Brunswick, NJ, USA, 3Department of

Immunology, University of Pennsylvania,

Philadelphia, PA, and 4Bracco Research USA

Inc., Princeton, NJ, USA.

Correspondence: Dr J. Riggs, Department of

Biology, Rider University, 2083 Lawrenceville

Road, Lawrenceville, NJ 08648–3099, USA.

Email: riggs@rider.edu

Senior author: Dr J. Riggs

Summary

T-lymphocyte activation triggered by anti-CD3, endogenous or exogenous

superantigen, and mitogens was suppressed in a cell-dose-dependent fash-

ion by peritoneal cavity (PerC) leucocytes. Study of lymphocyte-deficient

mice and the use of multiparameter fluorescence-activated cell sorter ana-

lyses revealed that macrophages were responsible for this form of immune

regulation. Interferon-c was essential to trigger suppression, which, by

enzyme inhibition studies, was shown to be the result of tryptophan and

arginine catabolism. These results illustrate that macrophages, which are

classically defined by their innate effector function as antigen-presenting

cells, have the potential to temper adaptive immunity.
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known for their high turnover rate and generation of cell

corpses which are removed by shedding and phagocytosis.

Other sites of significant apoptotic corpse burden, such as

thymus, bone marrow and brain, have resident myeloid

cells that serve in this vital housekeeping function.12–15

The steady-state or ‘default mode’ of APCs in these sites

is to remove this material avoiding inflammation in the

process.1,15

There is much to be learned regarding MSC heterogen-

eity, anatomic distribution and mechanism of action. Our

earlier studies of peritoneal cavity (PerC) lymphocyte bio-

logy revealed suppression of superantigen-induced T-cell

activation by MSCs.16,17 In this report, we show that PerC

macrophages suppress all forms of T-cell activation by

catabolism of tryptophan and arginine. These observa-

tions are discussed relative to the role of macrophages in

the maintenance of immune homeostasis.

Materials and methods

Mice

Two- to four-month-old male and female C.B-17.scid

(SCID; severe combined immune-defective), DBA/2J,

BALB.xid (XID), C.B-17, and BALB/c mice, bred and

maintained at Rider University, were studied. C3H/HeJ,

C3H/HeSnJ and the mutant mouse strains NU/JFoxn1,

B6.129S4-Cd80tm1ShrCd86tm1Shr/J, B6.129S2-Igh-6tm1Cgn/J,

B6.129P2-Il-10tm1Cgn/J, B6.129S7-Ifngr1tm1Agt/J, and their

age- and sex-matched wild-type controls, were obtained

from The Jackson Laboratory, Bar Harbor, ME. All mice

were handled in accordance with National Institutes of

Health, Animal Welfare Act, and Rider University IACUC

guidelines.

Preparation of cell suspensions and cell culture

Lymph node (LN) and spleen (SP) cell suspensions were

obtained by gentle disruption of the organ between the

frosted ends of sterile glass slides. PerC cells were

obtained by flushing the peritoneum with 10 ml warm

(37�) Hanks’ balanced salt solution supplemented with

3% fetal bovine serum. Red blood cells were depleted

from SP cell preparations by hypertonic lysis followed by

Ficoll–Hypaque centrifugation. Natural killer (NK) cells

were depleted by intraperitoneal injection of rabbit anti-

asialo GM1 antibody 24 hr before PerC cell harvest as

recommended by the manufacturer (Wako Chemical,

Richmond, VA). CD11b+ cells were enriched or depleted

by panning on Petri dishes coated with anti-CD11b (BD-

Pharmingen, San Diego, CA) as described previously.18

CD11b-enriched cells were greater than 95% F4/80+;

CD11b-depleted cells were less than 10% F4/80+. Viable

cell counts were determined by Trypan blue exclu-

sion. LN T cells (4 · 106/ml) and various dilutions

(0�125 · 106)4�0 · 106/ml) of PerC cells, in RPMI-1640

culture media (Life Technologies, Grand Island, NY) sup-

plemented with 10% fetal calf serum (Hyclone, Logan,

UT), 0�1 mM non-essential amino acids, 100 U/ml peni-

cillin, 100 lg/ml streptomycin, 50 lg/ml gentamicin,

2 mM L-glutamine, 20 lM 2-mercaptoethanol, and 10 mM

HEPES, were incubated in a humidified atmosphere of

5% CO2 at 37� in 96-well microtitre plates (Costar, Cam-

bridge, MA). For anti-CD3 stimulation microtitre plates

were either precoated with 10 lg/ml hamster anti-mouse

CD3e monoclonal antibody (mAb; BD-Pharmingen) in

sterile phosphate-buffered saline or soluble anti-CD3e
mAb was added at 2 lg/ml. Where exogenous costimula-

tion was tested anti-CD28 (BD-Pharmingen) was added

at 2 lg/ml. Mitogens [phytohaemagglutinin, (PHA) and

concanavalin A (Con A)] and soluble superantigen [sta-

phylococcal enterotoxin B (SEB), Sigma Chemical, St

Louis, MO] were added at 2 and 5 lg/ml. For the minor

lymphocyte stimulatory (Mls) mixed lymphocyte reaction,

DBA/2J SP cells were added to all wells at 4 · 106/ml.

Anti-interferon-c (IFN-c) mAb (XMG1.2, eBioscience,

San Diego, CA) at 10 lg/ml or the indoleamine 2,3-

dioxygenase (IDO) and inducible nitric oxide synthase

(iNOS) inhibitors 1-methyl tryptophan (1-MT; Sigma

Aldrich) and NG-monomethyl-L-arginine (L-NMMA;

CalBiochem, San Diego, CA) were added at culture initi-

ation. Optimal concentrations were determined in titra-

tion experiments with 1-MT at 1�0 mM and L-NMMA at

0�5 mM. After 44 hr (anti-CD3, SEB, PHA, or Con A cul-

tures) or 68 hr (Mls mixed lymphocyte reaction), 1 lCi
[3H]thymidine (Amersham, Boston, MA) was added to

each well. The plates were frozen 4 hr after labelling,

then thawed for harvesting onto filter paper mats using a

semi-automated cell harvester (Skatron Instruments,

Richmond, VA). Radioactivity was measured by scintilla-

tion spectrometry. For each experiment four or five wells

were established for each test group.

Cytokine enzyme-linked immunosorbent assay

Amounts of interleukin-2 (IL-2), IL-4, IL-10 and IFN-c
present in the supernatants of the 44-hr cultures were

determined by sandwich enzyme-linked immunosorbent

assay. Capture and detection reagents and all buffers were

employed following instructions provided by the supplier

(BD-Pharmingen).

Immunofluorescence staining and flow cytometric
analyses

PerC cell suspensions were stained for myeloid composi-

tion using titred amounts of fluorescein isothiocyanate-

labelled rat anti-mouse F4/80, cychrome-labelled rat

anti-mouse CD11b, and one of the following phycoeryth-

rin-labelled rat anti-mouse mAbs: CD11c, CD14, CD23,
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CD40, CD49b, anti-class II MHC (clone M5/114.15.2),

CD80, CD86, B7-H1 (PD-L1), B7-DC (PD-L2), B7RP-1

(ICOS-L), 4-1BBL, and Gr-1 (Ly-6c) (all from eBio-

science). Fluorescein isothiocyanate-labelled CD68 (Sero-

tec, New York, NY), with phycoerythrin-labelled F4/80

(eBioscience) and Cy-5-labelled CD11b served as another

staining combination. Isotype- and fluorochrome-

matched, non-specific mAb controls were employed to

establish gates. The percentage of myeloid cells coexpress-

ing sets of these markers was determined via multiparam-

eter flow cytometric analyses on a FACSCaliburTM flow

cytometer (Becton Dickinson Immunocytometry Systems,

San Jose, CA) by forward scatter/side scatter gating using

CELLQUEST software.

Statistical analyses

The T-cell proliferative response is presented as the aver-

age counts per min (c.p.m.) ± SEM. Data sets were com-

pared using Student’s t-test.

Results

PerC cells inhibit all forms of T-cell proliferation

Our previous studies comparing Mls antigen presenta-

tion by SP and PerC cells revealed that PerC cells act-

ively inhibit the T-cell response to this endogenous

superantigen (Fig. 1a).16,17 This observation was not

Mls-specific as the response to the soluble superantigen

SEB was also inhibited by PerC cells (Fig. 1a). A cell-

dose-dependent inhibition of the T-cell response to the

mitogens Con A and PHA was also observed (Fig. 1b).

T-cell-receptor-mediated activation, induced by either

soluble or insoluble (plate-bound) anti-CD3 was also

blocked by PerC cell coculture and was not rescued by

costimulation with anti-CD28 (Fig. 1c). For all forms of

T-cell stimulation, the highest concentrations of PerC

cells suppressed the T-cell response while the lower con-

centrations revealed APC function by permitting T-cell

activation. These data illustrate that resident PerC cells,

depending upon cell density, can serve as either suppres-

sor cells or APC.

PerC cells from all mouse strains inhibit T-cell
proliferation

Our initial studies of PerC-cell-mediated suppression

focused upon the Mls-expressing DBA/2J strain.16,17 To

determine if PerC cell suppression of T-cell activation is a

strain-specific phenomenon, other strains of mice were

tested. PerC cells from both C57BL/6J [T helper type 1

(Th1)-like] and C.B-17 (BALB/c-derived, Th2-like) mice

suppressed T-cell activation (Fig. 2a). PerC cell suppres-

sion was MHC-independent because H-2d-restricted

T cells were suppressed by allogeneic (H-2b) C57BL/6J

PerC cells (Fig. 2b). PerC cells from BALB.xid mice,

which have reduced LPS responsiveness, were also sup-

pressive (Fig. 2b). PerC cells from TLR-4 mutant C3H/

HeJ mice and their wild-type partner strain (C3H/HeSnJ)

also suppressed T-cell activation (Fig. 2c). These results

negate a role for LPS preactivation in generating suppres-

sive PerC cells. All mouse strains tested had resident PerC

cells capable of suppressing T-cell activation.

Myeloid PerC cells suppress T-cell activation

T lymphocytes have been considered the primary cell that

regulates lymphocyte activation.19,20 To determine the

role of T cells in PerC-cell-mediated immune suppression,

nude mice were tested. The results show that T cells are

not necessary for PerC cell suppression (Fig. 3a). Via

IL-10 production, B cells have been shown to have a role

in immune regulation and the peritoneum is enriched

for B-1 B cells, a subset that constitutively produces

IL-10.21,22 However, PerC cells from B cell knockout mice
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suppressed T-cell activation (Fig. 3b). Confirmation that

B and T lymphocytes were not essential for PerC-cell-

mediated suppression was provided by the observation

that PerC cells from C.B-17.scid mice suppressed T-cell

proliferation (Fig. 3c). Although SCID mice have NK

cells, their removal by cytotoxic depletion did not abro-

gate PerC cell suppression (Fig. 3c). When combined,

these results indicate that the cells that mediate suppres-

sion are myeloid.

Immature macrophage phenotype of suppressor cells

To characterize the suppressor cell, SCID PerC cells were

subjected to multiparameter flow cytometric analyses.

Forward scatter/side scatter gating focused upon myeloid

cells, which because of the scid defect are the predomin-

ant (80–90%) leucocyte in the peritoneum (Fig. 4). Virtu-

ally all (� 94%) of these cells coexpressed CD11b, F4/80,

CD80 and CD86. Using F4/80 as a macrophage-specific

marker, coexpression of CD68 and CD40 was observed

on the majority of these cells (78% and 58%, respect-

ively). A smaller subset of these cells expressed low levels

of the costimulatory molecules B7-H1 (PD-L1), B7-DC

(PD-L2), B7RP-1 (ICOS-L) and 4-1BBL (28–41%). Low

levels of class II MHC and Gr-1 expression were observed

on a fraction of these cells (23%, 21%). B-cell (CD23),

NK cell (CD49b), and dendritic cell (CD11c) antigens

were not expressed. The low level of class II MHC expres-

sion and the absence of CD14 indicated that these macro-

phages were immature. Although the myeloid cell

representation was lower (25–40%), similar staining pat-

terns were obtained with PerC cells from BALB.xid,

BALB/c, and C57BL/6J mice (not shown). These data

illustrate that macrophages with an immature phenotype

comprise the majority of myeloid cells residing in the

peritoneum.

To confirm that the suppressor cell belonged within the

cell pool defined by flow cytometry, PerC cells were
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subjected to selection by panning on anti-CD11b-coated

plates and were tested for their ability to inhibit T-cell

activation. Only CD11b+ cells suppressed T-cell activation

(Fig. 5). In summary, cells with an immature macrophage

phenotype are responsible for the suppression mediated

by PerC cells.

No role for traditional costimulatory molecules
in PerC MSC function

In addition to T-cell receptor engagement, T-cell activa-

tion requires costimulation whereby CD28 interacts with

CD80/86 on the APC.23 Negative signalling through

CD80/86 has also been described.24 To determine the role

that costimulation might have in PerC macrophage

suppression, PerC cells from CD80/86–/– mice were tested

for their ability to suppress T-cell activation. PerC macr-

ophages lacking CD80/86 still suppressed T-cell activation

(Fig. 6). Confirmation that signalling through CD28

cannot recover T-cell activation was provided by this

experiment (Figs 1 and 6). These data illustrate that

CD28–CD80/86 interaction is not needed for PerC

macrophage-mediated suppression.

Role of cytokine production in PerC MSC function

To attempt to define the mechanism whereby PerC macro-

phages suppress T-cell activation, cytokine production
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was assessed. Significant levels of the Th1 cytokines IL-2

and IFN-c were produced in suppressed cultures

(Fig. 7a). In contrast, production of the Th2 cytokines

IL-4 and IL-10 was more modest (Fig. 7b). The addition

of anti-IFN-c mAb at the initiation of culture released

T-cell suppression at the intermediate (0�5 · 105 and

1�0 · 105) PerC cell concentrations. The increased pro-

duction of IFN-c with increasing PerC macrophage num-

ber and the established role of IL-10 in the regulation of

T-cell activation invited further investigation of these

cytokines. PerC macrophages from IL-10 knockout mice

were as effective as wild-type PerC macrophages in

suppressing T-cell activation (Fig. 8). In contrast, PerC

macrophages from IFN-c receptor knockout (IFNcR–/–)

mice were less effective as suppressors (Fig. 8). These

results show that IFN-c is necessary for PerC macro-

phages to regulate T-cell activation.

Arginine and tryptophan catabolism drive PerC
macrophage suppression

IFN-c has been shown to induce macrophages to express

a pair of amino acid catabolising enzymes that generate

products that curb T-cell activation.25–32 IDO catabolism

of tryptophan can be inhibited by the addition of 1-MT

and iNOS catabolism of arginine can be inhibited by the

addition of L-NMMA. These inhibitors were tested for

their ability to block PerC macrophage suppression. For

all forms of T-cell activation, suppression was reduced by

the addition of either inhibitor (Fig. 9a–d). The degree of

reduction differed between groups with the soluble T-cell

activators, particularly anti-CD3, exhibiting the greatest

recovery of T-cell proliferation at the highest PerC cell

concentration. L-NMMA was the better inhibitor of macr-

ophage suppression when T cells were stimulated by sol-

uble stimulators (Figs 9a and 10a). In contrast, 1-MT was

better when Mls was the T-cell activator (Figs 9b and

10b). These data illustrate that amino acid catabolism has

a primary role in the T-cell suppression mediated by PerC

macrophages.

Discussion

Macrophages traditionally have been defined by their

antigen presentation properties.5 Their activation leads to

their service as initiators of acquired immunity. A num-

ber of studies, however, have described macrophages that

restrict T-cell activation. MSCs have been characterized in

disease states and as resident cells that promote homeo-

stasis on epithelial surfaces.6–11 In this report, the sup-

pressive properties of the macrophages that are normal

residents of the peritoneal cavity were characterized.

These cells had an immature phenotype and were capable

of potent suppression of all forms of T-cell activation

by catabolism of arginine and tryptophan. These results

serve to reinforce the extension of the functional role of

macrophages in immunity to include regulation of T-cell

activation.

The use of mutant mice lacking mature lymphocyte

subpopulations and the manipulation of leucocyte subsets

suggested that myeloid cells were the suppressor cell in

the PerC. Based on coexpression of F4/80, CD68 and high

levels of CD11b (Mac-1), and the relative absence of

Gr-1, a marker lost as monocytes mature, these cells are

macrophages.15,33 Further phenotypic characterization

indicated that these cells, immediately ex vivo, have an

immature phenotype. In contrast to thioglycollate- or
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LPS-elicited cells resident PerC macrophages express low

levels of class II MHC and no CD14.2,34 Further support

for a ‘naive’ macrophage phenotype for the PerC suppres-

sor cell came from the observation that BALB.xid and

C3H/HeJ mice, known for their low LPS responsiveness,

had resident PerC cells capable of suppression. Most

MSCs described in the literature are Gr-1+ and exhibit

properties characteristic of neutrophils.6,33 Although het-

erogeneity in phenotype remains a barrier to the charac-

terization of myelomonocytic cells there is little argument

that the extravascular leucocytes that are resident on

the epithelial surfaces and in the body cavities of normal,

disease-free animals, are macrophages.4,15

An indication of the functional role of resident PerC

macrophages can be revealed by assessment of their

expression of costimulatory molecules. Modest levels of

all costimulatory molecules tested were observed and

macrophages that expressed both CD80 and CD86 were

the most abundant. Regulation of T-cell activation via

maintenance of T regulatory cells has been proposed as
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one role for the constitutive expression of CD80/86 in

the absence of an active immune response.24 However,

neither T cells or CD80/86 expression were necessary for

suppression. Expressed by a significant percentage

(25–45%) of resident PerC macrophages, B7-H1 (PD-L1),

B7-DC (PD-L2), B7RP-1 (ICOS-L), and 4-1BBL have

roles in costimulating or regulating IFN-c produc-

tion.29,35–38 As reported for CD40, which was also

expressed by most PerC macrophages, B7-H1 is necessary

for iNOS expression in macrophages.29,39 That ex vivo

macrophages express these molecules indicates that these

cells might be providing a regulatory function, partic-

ularly considering their modest expression of class II

MHC. Activated macrophages express much greater levels

of costimulatory and class II MHC molecules.2,5,15,23

T-cell coculture would certainly modify the expression of

some of these molecules, thus ex vitro analysis will be

necessary to reveal those potentially required for suppres-

sion. This will be particularly revealing employing T-cell

activators that differ in terms of their reliance upon

costimulation.

The outcome of macrophage interaction with T

lymphocytes is influenced by cytokines. Th1 cytokines,

particularly IFN-c, are known to generate pro-inflamma-

tory macrophages whereas Th2 cytokines, such as IL-4 or

IL-10, induce the differentiation of anti-inflammatory

macrophages.40 The activation history of macrophages

would certainly have an impact on their interaction with

naive T cells and, based on this premise, anti-inflamma-

tory cytokines would be expected to be predominant in

suppressed cultures. However, previous studies did not

reveal a significant role for transforming growth factor-b
or IL-10 in macrophage-mediated suppression.17,29 In this

report, IFN-c production had the best correlation with

macrophage number and degree of suppression and

blocking antibody experiments suggested a role for this

cytokine. Where production of IL-10 was not essential for

suppression, expression of the IFNcR by macrophages

was necessary to curb T-cell activation. These data indica-

ted that IFN-c was essential for inducing the suppressive

mechanism in the macrophage. Although all of the gene

knockout experiments were performed with C57BL/6-

derived (Th1) mice these observations were not strain-

specific as suppression was also observed with BALB/

c-derived (Th2) strains. Suppression appeared to be

slightly greater, i.e., titrated to lower PerC cell numbers,

with C57BL/6 mice, an observation consistent with the

M-1/M-2 (Th1/Th2) hypothesis of macrophage biology.41

Although several mechanisms for macrophage-mediated

suppression of T-cell activation were possible, the essential

role of IFN-c in these studies focused attention upon

amino acid catabolism by IDO and iNOS, enzymes whose

increased production by macrophages is triggered by this

cytokine.27–30 For all forms of T-cell activation, suppression

was reduced by the addition of inhibitors of either enzyme.

The release from suppression was greatest with soluble acti-

vators, all of which induce IFN-c production.42,43 As noted

in a previous study,29 suppression of T cells activated with

anti-CD3 was best released by the use of L-NMMA as the

inhibitor. However, for T cells activated by Mls, 1-MT was

more effective at blocking suppression. These distinctions

probably reflect differences in the signals for activating

these enzymes, the complexities of which are being inten-

sively studied.6,44–46 The functional overlap of these

enzymes is consistent with many redundant control mecha-

nisms evident in adaptive immunity.47 It is important to

emphasize the caveat that these are strong activating signals

and that it is unlikely that suppression in vivo would

require the control of such a large portion of the T-cell

pool. However, as evidenced with the fetal allograft of preg-

nancy, local depletion of critical amino acids is clearly an

effective means to control T cells in vivo.44

The results described in this report are consistent with

a growing body of work that has revealed an immune

regulatory strategy of macrophage catabolism of essential

amino acids.6,25,30–32,39,48,49 This form of control operates

at the initiation of an adaptive immune response and

is cell-density-dependent. Macrophages persist at sites

where tempering inflammation is vital and cell density

has been shown to play a role in tempering immunity

in vivo.11,50 In the absence of pro-inflammatory signals,

such as tumour necrosis factor-a, IL-1, or IL-6, which

can override this form of suppression (not shown), this

is beneficial for macrophage housekeeping functions,

e.g. removing apoptotic corpses without triggering an

inflammatory response.1 Thus, most macrophages are

active but naive in an inflammatory sense, requiring

additional ‘danger’ signals to terminally differentiate into

classic phagocytic/APC effectors.51 This non-inflamma-

tory steady state, although beneficial in healthy indi-

viduals, might be a factor in the failure of immune

surveillance in certain cancers. MSC that actively sup-

press the cellular immunity required for the elimination

of transformed cells have been described in several forms

of cancer.6,52,53 A better understanding of how such
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suppression is established is essential for advances in

cancer immunotherapy. Time and tolerization are key

features of tumorigenesis.53 Although tempering cellular

immunity may be beneficial in early life perhaps it is

harmful with aging, permitting tumour development.

Such a life-history ‘trade-off’ would represent an

immune system example of antagonistic pleiotropy, an

evolution-based hypothesis for aging.54
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