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Alternatively activated macrophages induced
by nematode infection inhibit proliferation
via cell-to-cell contact
P’ng Loke, Andrew S. MacDonald, Amy Robb, Rick M. Maizels and Judith E. Allen
Institute of Cell, Animal and Population Biology, University of Edinburgh, Edinburgh, GB

The cytokine microenvironment is thought to play an important role in the generation of
immunoregulatory cells. Nematode infections are commonly associated with Th2 cytokines
and hyporesponsive T cells. Here we show that IL-4-dependent macrophages recruited in
vivo by the nematode parasite Brugia malayi actively suppress the proliferation of lymphocytes on co-culture in vitro. These alternatively activated macrophages block proliferation by
cell-to-cell contact, implicating a receptor-mediated mechanism. Further, the proliferative
block is reversible and is not a result of apoptosis. Suppressed cells accumulate in the G1
and G2/M phase of the cell cycle. Interestingly, the G1 and G2/M block correlates with
increased levels of Ki-67 protein, suggesting a mechanism that affects degradation of cell
cycle proteins. We also show that, in addition to lymphocyte cell lines of murine origin, these
suppressive cells can inhibit proliferation of a wide range of transformed human carcinoma
lines. Our data reveal a novel mechanism of proliferative suppression induced by a parasitic
nematode that acts via IL-4-dependent macrophages. These macrophages may function as
important immune regulatory cells in both infectious and noninfectious disease contexts.
Key words: Cell cycle / Nematode / Tumor / Filariasis / IL-4

1 Introduction
Understanding mechanisms that regulate cellular proliferation is a fundamental goal of cell biology, developmental
biology, oncology, as well as immunology. In immunological systems, APC and T cells can both adopt an important role in regulating or suppressing the proliferation of
immune cells and thereby modulate immune response
expansion and development. Prominent CD4+ regulatory
T subsets [1–3] have been shown to inhibit the proliferation of other T cells via cytokines such as IL-10 and TGFg [4, 5]. Most recently, a direct suppressive mechanism
dependent on cell-to-cell contact between regulatory
and responder T cells has been proposed [1, 6, 7].
Among APC, the most well characterized suppressive (or
regulatory) cells are macrophages “classically activated”
by Th1 cytokines (such as IFN- + ). By the release of NO
[8–10] these cells suppress cellular proliferation by multiple mechanisms including the inhibition of DNA synthe[I 20674]
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sis and its rate-limiting enzyme, ribonucleotide reductase [11]. In addition to activation by pro-inflammatory
cytokines, macrophages can be alternatively activated
by type 2 cytokines such as IL-4 and IL-13 [12, 13].
These cells have been less well characterized than classically activated macrophages but appear to have antiinflammatory roles and suppress T cell proliferation via
cytokines such as TGF- g and IL-10 [14].
We have previously found that a parasitic nematode,
Brugia malayi, when implanted into the peritoneal cavity
of mice, generates host cells that inhibit proliferation of
immune cells [15]. Significantly, the recruitment or induction of these suppressive cells is dependent on host production of the Th2 cytokine IL-4, as they are not found in
mice genetically deficient in IL-4 [16]. This finding is consistent with the induction of type 2 responses by
B. malayi, a characteristic feature of infection with nematode parasites [17]. Interestingly, IL-10 does not play an
important role either in the recruitment of these suppressive cells or their ability to inhibit proliferation, since suppressive cells can be generated in IL-10-deficient mice
and proliferative suppression cannot be reversed by
blocking antibodies against IL-10 [16].
In this study we set out to both establish the identity of
the suppressive cell and to elucidate the mechanism of
0014-2980/00/0909-2669$17.50 + .50/0
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proliferative suppression. Although initial work implicated eosinophils and not F4/80+ macrophages as the
suppressive population [16], more recent experiments
suggested that the original findings on this issue were
misplaced [18]. Here we establish that F4/80+ macrophages are the suppressive population, and exclude a
suppressive role for eosinophils, since IL-5-deficient
mice capably generated anti-proliferative cells. The
requirement for the type-2 cytokine IL-4 places these
macrophages in the category of “alternatively activated”
macrophages that have been suggested to play an
important role as anti-inflammatory cells [14]. The
nematode-induced macrophages showed several novel
properties not previously described for anti-inflammatory
macrophages. Instead of soluble cytokines, proliferative
suppression occurred via cell-to-cell contact, suggesting
a receptor-mediated mechanism. Furthermore, suppressed cells were not simply blocked at the G1/G0
stage of the cell cycle but also at the G2/M stage. Finally,
the proliferation of a wide range of transformed human
cell lines was also inhibited by these macrophages.
These data suggest that alternatively activated macrophages induced by a Th2-driving infection can regulate
proliferation of a broad range of cell types via a novel
contact-mediated mechanism.
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PEC, and found that CD11c+ cells were not suppressive
(data not shown).
This provided strong evidence that an IL-4-dependent
(but IL-5-independent) cell type was directly responsible
for the proliferative suppression. Although earlier studies
had provided evidence that macrophages were not the
suppressive cell [16], these data necessitated a reevaluation of the role of macrophages. We thus purified
F4/80+ cells from B. malayi-implanted mice using magnetic beads and found that these cells suppress proliferation of EL4, HB32 (Fig. 1 B) and D10.G4 cells (Fig. 1 C)
after 48 h of co-culture. Cytospin analysis confirmed that
F4/80 purified cells were macrophages (Fig. 1 D). Furthermore, we showed that F4/80 purified macrophages
from implanted mice can stimulate antigen-specific
cytokine production by D10.G4 cells, while inhibiting
proliferation (Fig. 1 C), repeating our original observations using unsorted adherent PEC. The lack of proliferation of D10.G4 cells is therefore not a result of defective
antigen processing and presentation capabilities of the
macrophages, but is instead due to an active mechanism. We thus confirmed that parasite-exposed macrophages alone can directly mediate proliferative suppression while presenting antigen and stimulating cytokine
production.

2 Results
2.2 Suppression is mediated by cell contact
2.1 Proliferative suppression is mediated by
IL-4-dependent macrophages
Adherent PEC from mice implanted with B. malayi
(implant PEC) profoundly inhibit proliferation of cloned
lymphocytes lines (e. g. D10.G4) and transformed lymphocytes (e. g. HB32 and EL4) [15, 16]. The peritoneal
cells recruited by B. malayi consist of a mixed population
consisting mainly of macrophages (74.3 ± 3.5 %), eosinophils (11.7 ± 0.5 %) and lymphocytes (8.6 ± 4.7 %) [16].
Critically, IL-4-deficient mice that have reduced numbers
of eosinophils fail to generate suppressive APC [16]. We
therefore chose to examine the role of eosinophils in
suppression by implanting B. malayi into IL-5-deficient
mice, which are defective in eosinophil recruitment [19].
The absence of eosinophils recruited into the peritoneal
cavity by B. malayi in IL-5-deficient mice was confirmed
by cytospin analysis of the PEC population (data not
shown). However, PEC from IL-5-deficient mice exhibited anti-proliferative activity equivalent to that of control
C57BL/6 mice while IL-4 deficient PEC were unable to
suppress proliferation (Fig. 1 A). We therefore concluded
that eosinophils do not play a significant role in the suppressive mechanism. To ensure that a small population
of CD11c+ dendritic cells did not mediate suppression,
we used magnetic sorting to purify CD11c+ cells from

Previous investigations have excluded the action of soluble factors commonly associated with suppressive macrophages, namely prostaglandins, NO, IL-10 and TGF- g
[15, 16]. We therefore chose to determine whether the
suppressive effect of parasite-recruited PEC is indeed
mediated through the release of a soluble factor, or is
dependent on cell-to-cell contact. For these experiments, the suppressive PEC population was separated
from HB32 and D10.G4 cells by a 0.4 ? m-pore membrane in a transwell culture. The anti-proliferative activity
of parasite-recruited PEC was reversed by transwell separation (Fig. 2 A), indicating that suppression was mediated either by direct contact or by a very labile soluble
factor. To distinguish between these possibilities, suppressive PEC were fixed with 1 % paraformaldehyde
before being co-cultured with responder cells. The fixed
PEC from implanted mice fully retained their ability to
block proliferation of HB32, EL4 and D10.G4 cells, demonstrating that the anti-proliferative signal is effected by
cell contact and does not require the release of soluble
mediators (Fig. 2 B). Although a contact-dependent
mechanism is sufficient for suppression, it is likely that
these macrophages also produce soluble suppressive
compounds, since some inhibition of proliferation could
be observed across the transwell (Fig. 2 A, HB32 cells).
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Fig. 1. IL-4-dependent macrophages suppress proliferation
but stimulate cytokine production. (A) PEC from control ( ⁄ )
and parasite-inplanted ( | ) IL-5–/–, IL-4–/– and C57BL/6 mice
were co-cultured with EL-4 and HB32 cells. After 48 h, proliferation was measured by [3H] thymidine incorporation.
Data shown are mean ± SD of five mice assayed individually.
(B) F4/80+ cells were purified ( G 95 % pure) with magnetic
beads. EL4 and HB32 cells were cultured at different cell
concentrations with fixed numbers (1 × 105 cells per well) of
control PEC ( ! ), implant PEC ( Æ ) and F4/80+ purified cells
from implant PEC ( | ). After 48 h, proliferation was measured
by [3H] thymidine incorporation. (C) D10 cells were cocultured with control and implant PEC, as well as F480+ cells
purified from these PEC populations. After 48 h of co-culture
with ( ß ) or without antigen ( | ), IL-4 production was assayed
by bioassay, and proliferation was measured by [3H] thymidine incorporation. (D) Cytospin of purified F4/80+ cells
stained with Diff-Quik, observed at 200X magnification.

iments revealed that some of the parasite-recruited PEC
undergo apoptosis after 48 h in culture (Fig. 3 A). However, apoptosis of D10.G4 cells and EL4 cells was not
significantly increased by exposure to suppressive PEC
(Fig. 3 B and C) when compared to the background levels of apoptosis observed in parasite-recruited PEC
(Fig. 3 A). Apoptosis is therefore not the explanation for
the reduction of proliferation.
Since the non-proliferating responder cells were not
undergoing apoptosis, we asked if they could recover
their ability to proliferate after being removed from the
suppressive cells. D10.G4 and EL4 cells were removed
from adherent suppressive PEC after 48 h co-culture,
purified and proliferation measured after an additional
48 h. These experiments demonstrated that suppressed
responder cells could fully recover their ability to proliferate (Fig. 4). Indeed, thymidine incorporation of recovered
cells was actually elevated (Fig. 4 B), perhaps due to cell
cycle synchronization by the proliferative block.

2.4 Suppressive PEC inhibit proliferation of
various transformed cell lines

2.3 Cell cycle arrest is reversible and does not
lead to apoptosis
To determine if the absence of proliferation in responder
cells was a result of apoptosis induced by suppressive
PEC, we assessed apoptosis in suppressed D10.G4
cells and EL4 cells by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end-labeling
(TUNEL) staining. PEC alone were also assessed as a
control for background levels of apoptosis. These exper-

We had previously observed that proliferative suppression is not antigen specific, acting on mitogen-activated
T cells as well as affecting transformed lymphocytes [15].
We wanted to address how wide-ranging this antiproliferative effect was by exposing a broad panel of
human tumor cells to the suppressive PEC. Strikingly,
the proliferation of many human tumor cell lines was
inhibited when co-cultured with suppressive PEC, in
comparison to control PEC (Table 1). This indicated that
the suppressive mechanism was neither species specific
nor cell type specific. However, the sensitivity of the different types of carcinoma to suppression by PEC did
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Table 1. Effect of suppressive PEC on human tumor cell linesa)
Cell line

Control PEC (cpm)

Implant PEC (cpm)

Suppression (%)

Cancer type

H358

115888

15111

87

HCT116

140116

19996

85.7

Colon carcinoma

HT29

55420

12832

76.8

Colon carcinoma

LoVo

180491

54441

69.8

Colon carcinoma

Colo320

251051

86639

65.4

Colon carcinoma

H2122

148989

55024

63

Capan-1

50261

25675

48.9

COR L24

2522

1312

H524

69167

Panc-1

Non-small-cell lung adenocarcinoma

Non-small cell lung carcinoma
Pancreatic carcinoma

48

Small cell lung carcinoma

42403

38.7

Small cell lung carcinoma

86934

54109

37.7

Pancreatic carcinoma

MiaPaCa-2

172272

135719

21.2

Pancreatic carcinoma

NGP

112649

119571

− 6.1

Neuroblastoma

a) Cancer cells (1 × 104) were cultured with adherent PEC (1 × 105) from control or implanted animals in 96-well flat-bottom
plates. Proliferation was measured at 48 h by [3H] thymidine incorporation and results are shown as cpm. Numbers shown are
representative of at least two experiments with each cell line.

vary considerably. Colon carcinomas appeared to be
more sensitive to suppression than pancreatic carcinomas, while the neuroblastoma line NGP was completely
unaffected (Table 1).

2.5 Effect of suppressive PEC on the cell cycle
In previous experiments, proliferation of cells co-cultured
with adherent PEC was measured by [3H] thymidine
incorporation after 48 h [15, 16]. To obtain a more com-

Fig. 2. Proliferative inhibition is mediated by cell-to-cell contact. (A) D10.G4 and HB32 cells were either directly co-cultured with
PEC or placed in separate transwell chambers separated by a 0.4- ? m membrane. To obtain sufficient cell numbers, PEC from
separate animals were combined, and data are shown as mean ± SD for six wells. Data shown are representative of three experiments. Although proliferation of separated HB32 cells was slightly reduced in some experiments (as shown), there were no significant differences in other experiments. (B) Control or implant PEC were fixed with 1 % paraformaldehyde before being cocultured with D10.G4, EL4 and HB32 cells. Proliferation was measured by [3H] thymidine incorporation. Data shown are mean ±
SD of individual mice assayed separately and are representative of two independent experiments.
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Fig. 4. Proliferative suppression is reversible. (A) Proliferation of EL4, HB32 and D10.G4 (with 50 ? g/ml conalbumin)
cells was measured by [3H] thymidine incorporation after
48 h co-culture with control and implant PEC. (B) After 48 h
exposure to PEC, nonadherent HB32, EL4 and D10 cells
were purified through nylon wool columns. Recounted cells
were cultured for 48 h and proliferation measured. D10 cells
were restimulated with fresh APC and antigen. PEC of individual animals were combined for this experiment and
results shown are mean ± SD of quadruplicate wells.

Fig. 3. Proliferative inhibition does not lead to apoptosis.
Cells were TUNEL stained for apoptotic cells 48 h after stimulation/co-culture with control PEC (black line) or implant
PEC (gray line). M1 represents apoptotic cells. (A) Implant
PEC alone undergo some apoptosis, whereas control PEC
do not. (B) EL4 and (C) D10.G4 cells had slightly elevated
levels of apoptosis in comparison to implant PEC alone.
Data are representative of two experiments.

plete picture, we performed experiments to assess the
effect of suppressive PEC on the cell cycle of the
responder cells.
Firstly, in order to study the kinetics of the proliferative
block, EL4 cells were labeled with proliferation marker
dyes PKH26 or carboxyfluorescein diacetate succinimidyl ester (CFSE) before co-culture with PEC. These dyes
halve in intensity with each cell division and provide the
means to track cell divisions that occur after exposure to
suppressive PEC [20]. In these experiments, EL4 cells
cultured with suppressive PEC completed one round of
cell division after 24 h, but failed to undergo a second
round of cell division after 48 h (Fig. 5 B). This was also
observed when CFSE-labeled D10.G4 cells were stimulated with either control or implant PEC. Whereas control
PEC-stimulated D10.G4 cells had undergone up to three

rounds of cell division after 48 h, suppressed D10.G4
cells had only completed one round of cell division
(Fig. 5 C).
Secondly, D10.G4 and EL4 cells were stained with propidium iodide after co-culture with PEC for 48 h to identify
at which point cell cycle arrest occurred. The effect of
co-culture with suppressive PEC on both cell lines (in
comparison with control PEC) was to increase the percentage of cells in G0/G1 and G2/M, and to reduce the
number of cells in S phase (Fig. 6 A). The decrease in the
percentage of S phase cells is consistent with the inhibition of thymidine incorporation in standard proliferation
assays. The accumulation of suppressed cells at both
G0/G1 as well G2/M phases suggested that there were
two blocks on the cell cycle.
To further distinguish between cells in G0 and G1, cells
were double stained with antibody against Ki-67 as well
as propidium iodide. Ki-67 is usually expressed only in
proliferating cells and not in quiescent G0 phase cells.
Surprisingly, suppressed D10.G4 cells and EL4 cells had
an increased level of Ki-67 protein in comparison to proliferating cells cultured with control PEC (Fig. 5 B and C).
The accumulation of Ki-67 was evident in G1 cells (2N)
as well as G2/M cells (4N). Proliferative inhibition is
therefore not a result of entering a quiescent G0 phase,
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but might instead be associated with accumulation of
cell cycle proteins.

3 Discussion
Understanding the mechanisms that inhibit or regulate
cellular proliferation is of general interest to immunologists and cell biologists, as well as tumor biologists. We
have previously found that filarial nematodes induce the
recruitment and/or activation of a suppressor cell type in
the peritoneal cavity of mice, which profoundly inhibits
the proliferation of a range of murine cells. The recruitment of these anti-proliferative cells is induced by the
excretory/secretory products of the worms [21], and is
dependent on IL-4 production by the host [16]. In this
study, we have identified this suppressive cell type as an
IL-4 dependent F4/80+ macrophage. We also found that
the anti-proliferative effect is mediated by cell-to-cell
contact, occurring even after fixation of the suppressive
cells. Most surprisingly, the suppressive ability of the
parasite-recruited macrophages could transcend the
species barrier, significantly reducing the proliferation of
a wide range of human tumor cell lines. These data suggest that filarial nematodes can induce the activation of a
macrophage population that inhibits proliferation of cells
in the local vicinity via a novel receptor-mediated mechanism.

Fig. 5. Proliferation is blocked after one cell division. EL4
cells stained with PKH26 were co-cultured with control PEC
(A) or implant PEC (B) for 24 and 48 h before harvest and
analysis by FACS. With each cell division fluorescence intensity halves. The arrow marked 0 indicates the original intensity of cells that were fixed immediately after staining. The
arrows marked 24 and 48 indicate fluorescence intensity of
cells harvested after 24 or 48 h culture with PEC. This experiment was repeated with CFSE staining with identical
results. (C) D10.G4 cells stained with CFSE were stimulated
(50 ? g/ml conalbumin) with implant PEC (thin line) or control
PEC (broken line) for 3 days. The marked arrows indicate the
number of cell divisions and the thick line represents the
original intensity of the D10 cells. This result is representative of two experiments.

We have yet to identify the exact nature of the cell surface molecule(s) involved in inhibiting proliferation. The
observation that the suppressive macrophages affect
such a wide range of human tumor cells, as well transformed mouse cells, strongly suggests the engagement
of a highly conserved receptor. Based on our findings, it
is tempting to suggest that parasitic nematode infection
could have a beneficial effect against tumor expansion
as a by-product of recruiting macrophages that suppress
proliferation. However, the effect of these cells is probably very limited because of the local nature of receptormediated mechanisms. Furthermore, the reversibility of
the proliferative block would allow any dividing cells that
migrate away from the vicinity of the suppressor cells to
resume proliferation. Nonetheless, it would be interesting
to investigate if lymphomas are less prevalent in regions
endemic for filariasis.
It is unusual for growth regulatory mechanisms to induce
a cell cycle block in G2/M as well as G1. The cell cycle
machinery usually responds to external stimuli (such as
mitogenic or anti-mitogenic factors) only during a
defined window of time, from the beginning of G1 to the
restriction point (R) [22–24]. After R, cells are relatively
refractory to most external stimuli, the remaining phases
of the cell cycle being executed in a quasi-automatic
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Fig. 6. Cell cycle analysis of PEC-exposed cells. (A) Histograms of D10.G4 and EL4 cells stained with propidium
ioidide (PI) 48 h after co-culture with either control or implant PEC. In both cell lines, implant PEC exposed cells have a
decreased percentage of cells in S phase, and an accumulation of cells in G1 and G2/M. Results shown are representative of
three independent experiments. (B) FACS analysis of cells double stained with Ki-67 as well as PI after 48 h co-culture with PEC.
Ki-67 expression is shown on the Y-axis (FL-1) and PI staining is shown on X-axis (FL-2). The R2 gate represents 2N cells in G1.
The R3 gate represents 4N cells in G2/M. (C) Histogram analysis of Ki-67 expression in G1 (R2) and G2/M (R3) cells, using gates
shown in B. Implant PEC exposed cells (dotted lines) have increased expression of Ki-67 in both these phases of the cell cycle,
compared to control (unbroken line). Results shown are representative of three independent experiments.

fashion [24]. Thus, the majority of anti-proliferative signals would lead to a G1 arrest of the cell cycle, or entry
into the quiescent G0 state. A G2/M arrest usually
occurs only as a result of interference with DNA replication [25, 26]. The effect on two phases of the cell cycle
raises the possibility that more than one mechanism
could be acting in concert to inhibit proliferation. Alternatively, the suppressive macrophages may be slowing
down the cell cycle by delaying the passage through the
checkpoint controls at G1 and G2/M, while having no
effect on progression through S phase.
It is particularly interesting that the accumulation of cells
at G1 and G2/M is associated with an increased level of
Ki67 protein. Although the mAb Ki-67 has been used to
identify proliferating cells since 1983 [27], the function of
the protein recognized by this mAb is still uncertain. Antisense oligonucleotide treatment or microinjection of
antibodies into the nucleus will delay cell cycle progression, suggesting that Ki-67 antigen is essential in this
context [28, 29]. However, there are no reports linking
increased expression with cell cycle arrest. Interestingly,
one of the few factors which can lead to a combined
G2/M and G1 block is inhibition of the proteasome [30],
which leads to an accumulation of ubiquitinated pro-

teins, including the various cyclins necessary for cell
cycle progression [30, 31]. Perhaps the anti-proliferative
macrophages engage receptors that lead to changes in
protein degradation of the suppressed cells, leading to
accumulation of cell cycle proteins such as Ki-67. We
plan to establish whether Ki-67 accumulation in G1 and
G2/M cells is directly involved in the mechanism of suppression or merely an indirect consequence of cell cycle
arrest. We are also investigating the effect of suppression on the levels of cyclins in the non-proliferating cells.
Protozoan parasites (Trypanosoma brucei and Toxoplasma gondii) induce IFN- + -dependent macrophages
that suppress splenocyte proliferation via NO [8–10].
Unlike these classically activated macrophages, suppressive macrophages that do not rely on IFN- + for activation have been described as “alternatively activated”
(reviewed recently by Goerdt and Orfanos [14]). Alternative activation is associated with type 2 immune
response mediators such as IL-4, glucocorticoids, IL-13
and TGF- g . Thus, it is appropriate to categorize the macrophages that are recruited by the nematode B. malayi as
“alternatively activated”. Further evidence for the activation state of these macrophages comes from our recent
analysis of gene expression. A small EST dataset has

2676

P. Loke et al.

revealed that the suppressive macrophages highly
express many genes associated with alternative activation and induced by type 2 cytokines (unpublished
observation). These include type I arginase [32, 33] and
the chemokine C10 [34].
More interestingly, we have found that these macrophages do not exert their suppressive effects via wellknown mediators such as PGE2, IL-10 and TGF- g [15,
35] but instead act through direct cellular contact.
Whether suppressive macrophages are recruited by the
parasite during a natural filarial infection to modulate the
immune response, or they perform some role in preventing immunopathology, remains to be established. The
possibility that these cells act to induce regulatory T cells
in response to infection is another exciting prospect that
we are currently testing. Recently, we have found that
these suppressive macrophages can drive Th2 differentiation when used as APC to prime naive T cells from
TCR-transgenic mice [35]. The parasite-induced macrophages prevent Th1 differentiation by the inhibition of
early IFN- + production via TGF- g . Interestingly, while
TGF- g is involved in Th2 differentiation, it is not involved
in the proliferative suppression [15, 35]. The biased
induction of Th2 cells by these alternatively activated
macrophages, as well as their anti-proliferative effects, is
consistent with their potential role as important antiinflammatory cells.
In conclusion, we report the observation of a contactdependent mechanism of inhibiting proliferation that has
profound effects on the G1 and G2/M phases of the cell
cycle. This novel mechanism of suppression by filariainduced macrophages (which is dependent on host IL-4)
can also significantly reduce the proliferation of a wide
range of human tumor cells. Thus, the identification of
the molecules involved may provide new insight into
tumor biology as well immunology and parasitology.

4 Materials and methods
4.1 Mouse infection model
Apart from experiments with genetically deficient mice, 6- to
8-week-old CBA/Ca males were used. C57BL/6 IL-4 deficient (IL-4–/–) breeding pairs were purchased from B&K Universal Ltd. (North Humberside, GB) with permission of the
Institute of Genetics, University of Cologne. C57BL/6 IL-5deficient (IL-5–/–) mice [19] were the kind gift of Prof. Manfred
Kopf (Basel Switzerland). B. malayi adult parasites were
obtained from infected jirds purchased from TRS laboratories (Athens, GA). Adult worms were removed from the peritoneal cavity and washed in RPMI supplemented with
50 ? g/ml gentamicin (RPMI wash). Mice were surgically
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implanted i. p. with six live adult B. malayi females. After 3–6
weeks, mice were killed by cardiac puncture and PEC were
harvested by thorough washing of the peritoneal cavity with
15 ml RPMI wash (implant PEC). Replicate assays were performed with PEC from individual mice in each experiment,
except where cells were pooled due to insufficient cell numbers from single mice (indicated in results). Resident peritoneal cells were harvested in the same way from control nonimplanted mice and termed “control PEC”.

4.2 Cultures and cell lines
All in vitro cultures were carried out in RPMI 1640 (GIBCO)
supplemented with 2 mM glutamine, 0.25 U/ml penicillin,
100 ? g/ml streptomycin, 5 ? M 2-ME and 10 % FCS (complete medium). The Th2 cell clone D10.G4 [36] was maintained in culture as previously described [15]. The murine T
cell lymphoma EL4 and the B cell hybridoma HB32 were
maintained in complete medium. The tumor cell lines used
were acclimatized to RPMI media for at least 2 weeks prior
to exposure to PEC. IL-4 production by D10.G4 cells was
measured with the NK cell line as previously described [15].
Cell lines used are available from ATCC Rockville, MD.

4.3 Suppression assays
PEC (105 /100 ? l) were allowed to adhere to flat-bottom 96well plates for 2–3 h at 37 °C. Nonadherent cells and microfilariae were then removed by washing and the adherent
cells co-cultured with 105 D10.G4, 5 × 104 EL4 or 5 × 104
HB32 cells to a final volume of 200 ? l/well. D10.G4 were cultured with conalbumin at a final concentration of 50 ? g/ml.
After 48 h at 37 °C, 1 ? Ci [3H] thymidine was added to each
well, and plates harvested for counting 16–18 h later. To
measure suppression of human tumor lines, 104 cells in
100 ? l were added to the adherent PEC. To determine if suppressed cells recover the ability to proliferate, EL4, HB32
and D10.G4 were co-cultured in 24-well plates with PEC for
48 h and non-adherent cells then aspirated and further purified using nylon wool columns. The HB32 and EL4 cells
were then re-cultured in 96-well plates at the same starting
concentration (5 × 104 cells per well), and proliferation assayed by [3H] thymidine incorporation 48 h later. Nylon-wool
purified D10.G4 cells (1 × 105 per well) were restimulated
with 5 × 105 syngeneic irradiated splenocytes and 50 ? g/ml
conalbumin in each well, and proliferation was also assayed
48 h later. For investigation into the effect of suppressive
PEC on apoptosis and the cell cycle (see Sect. 4.5 below),
24-well plates were used at the cell concentrations
described above.

4.4 Analysis of cell contact
Twenty-four-well (0.4 ? m pore) transwell cell culture chambers (Costar, GB) were used to separate PEC from
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responder cells. Results were identical regardless of
whether PEC were cultured in the upper or lower compartments. In each well, 1 × 106 PEC were separated from either
5 × 105 D10.G4 cells and 2.5 × 105 syngeneic irradiated
splenocytes and 50 ? g/ml conalbumin, or 6 × 105 HB32
cells. Previous experiments have shown that addition of irradiated syngeneic splenocytes does not reverse suppression
of D10.G4 cells [15]. The same numbers of cells were cultured together in 24-well plates without a separation membrane as the control. Cultures were incubated for 24 h and
pulsed with 50 ? Ci [3H] thymidine per well. Responder cells
were transferred to 96-well plates to be harvested and
counted. Fixation experiments were performed by standard
methods [37]. Briefly, PEC were incubated in 96-well plates
(at the cell numbers described above) with 1 % paraformaldehyde for 15 min, and then lysine wash solution for 30 min,
followed by four washes with incomplete RPMI, before
being cultured with EL4 and HB32 cells as described above.
PEC were also pulsed with 50 ? g/ml conalbumin prior to fixation, before being used to stimulate/suppress D10.G4
cells.

4.5 Cell cycle and apoptosis analysis
To investigate changes in the cell cycle as a result of suppression, EL4 and D10.G4 cells were stained with propidium
iodide according to the protocol of Darynkiewicz [38].
Briefly, after 24 or 48 h culture with PEC, suppressed cells
were fixed with 0.5 % formaldehyde in HBSS, permeabilized
with 0.1 % Triton X-100 and 1 % BSA in HBSS, and resuspended in HBSS solution containing 5 ? g/ml propidium
iodide and 100 units of RNAse A. The cells were then analyzed by a FACScan (Becton Dickinson). Data were analyzed
using the cell cycle analysis software Modfit (Verity Software
House), which calculates the percentage of cells in the different phases of the cell cycle using a Gaussian model for
G0/G1 and G2/M cells, and estimates S-phase cells as a
trapezoid component. Suppressed cells were also double
stained by incubating with FITC-conjugated Ki-67 (Boehringer Mannheim) prior to incubation with propidium iodidecontaining HBSS solution [38]. Cell division of suppressed
EL4 cells was investigated with the proliferation dyes PKH26
(Sigma) and CFSE (Molecular Probes) with identical results.
PKH26 staining was carried out according to the manufacturer’s instructions (Sigma). A modification of Lyons and Parish’s technique for CFSE staining was used [20]. Briefly, 1 ×
107 cells/ml were incubated with 10 ? M CFSE in PBS for
8 min at room temperature. Staining was stopped with an
equal volume of FCS, and the cells washed three times with
complete medium. PKH26- and CFSE-labeled cells were
then co-cultured with control and implanted PEC as
described above. A TUNEL kit (Boehringer Mannheim) was
used to measure apoptosis after 48 h co-culture with PEC
according to the manufacturer’s instructions.
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4.6 Characterization of suppressive macrophages
Cytocentrifuge preparations were made using a Shandon
Cytospin (Shandon, PA). Cells (1 × 105 in 100 ? l complete
RPMI) were combined with 100 ? l FCS. Cytospins were air
dried, fixed in methanol and stained with Diff-Quik (Dade,
Germany). Photomicrographs and morphological examination were done using a Nikon Microphot-FX microscope.
Before magnetic bead cell purification, PEC were passed
through a 70- ? m cell strainer and purified by centrifugation
over Histopaque (Sigma) in order to remove any microfilariae. PEC were then sorted with MS+ or VS+ columns
according to the manufacturer’s instructions (Miltenyi Biotec). CD11c-positive and -negative cells were purified with
FITC-conjugated anti-CD11c (clone HL3, hamster IgG1;
Pharmingen) and anti-FITC microbeads. CD11c-negative
cells were purified by passing the negative fraction of the
first selection column through a second column with a flow
resistor. F4/80+ cells were purified with biotin-conjugated
F4/80 (rat IgG2b; Caltag) and Streptavidin microbeads. The
purity of the sorted cells was checked using a FACScan with
CELLQuest software (Becton Dickinson). Positive fractions
were typically between 90–95 % pure, and negative fractions were between 98–99 % pure. Purified cells were then
co-cultured with D10.G4, EL4 or HB32 cells, as described
above.

Acknowledgements: We would like to thank M. Holland, P.
Crocker and X. X. Zang for helpful discussion, S. Bader and
J. Ross for human tumor cell lines and M. Heck for critical
review of the manuscript. This work was supported by the
Medical Research Council and the Wellcome Trust. P. Loke
and A. S. MacDonald are recipients of Wellcome Prize PhD
Studentships. J. E. Allen holds a Medical Research Council
(UK) Senior Fellowship.

References
1 Read, S., Mauze, S., Asseman, C., Bean, A., Coffman, R. and
Powrie, F., CD38+ CD45RBlow CD4+ T cells: a population of T cells
with immune regulatory activities in vitro. Eur. J. Immunol. 1998.
28: 3435–3447.
2 Lombardi, G., Sidhu, S., Batchelor, R. and Lechler, A., Anergic
T cells as suppressor cells in vitro. Science 1994. 264:
1587–1589.
3 Chai, J.-G., Bartok, I., Chandler, P., Vendetti, S., Antoniou, A.,
Dyson, J. and Lechler, R., Anergic T cells act as suppressor cells
in vitro and in vivo. Eur. J. Immunol. 1999. 29: 686–692.
4 Groux, H., O’Garra, A., Bigler, M., Rouleau, M., Antonenko, S.,
de Vries, J. E. and Roncarolo, M. G., A CD4 + T-cell subset inhibits antigen-specific T-cell responses and prevents colitis. Nature
1997. 389: 737–742.
5 Asseman, C., Mauze, S., Leach, M. W., Coffman, R. L. and
Powrie, F., An essential role for interleukin 10 in the function of
regulatory T cells that inhibit intestinal inflammation. J. Exp. Med.
1999. 190: 995–1004.

2678

P. Loke et al.

Eur. J. Immunol. 2000. 30: 2669–2678

6 Thornton, A. M. and Shevach, E. M., Suppressor effector function of CD4 +CD25 + immunoregulatory T cells is antigen nonspecific. J. Immunol. 2000. 164: 183–190.

24 Planas-Silva, M. D. and Weinberg, R. A., The restriction point
and control of cell proliferation. Curr. Opin. Cell Biol. 1997. 9:
768–772.

7 Hoyne, G. F., Dallman, M. J. and Lamb, J. R., Linked suppression in peripheral T cell tolerance to the house dust mite derived
allergen Der p 1. Int. Arch. Allerg. Immunol. 1999. 118: 122–124.

25 Elledge, S. J., Cell cycle checkpoints: preventing and identity crisis. Science 1996. 274: 1664–1672.

8 Channon, J. Y. and Kasper, L. H., Toxoplasma gondii-induced
immune suppression by human peripheral blood monocytes: role
of gamma interferon. Infect. Immun. 1996. 64: 1181–1189.
9 Candolfi, E., Hunter, C. A. and Remington, J. S., Mitogen- and
antigen-specific proliferation of T cells in murine toxoplasmosis is
inhibited by reactive nitrogen intermediates. Infect. Immun. 1994.
62: 1995–2001.
10 Abrahamsohn, I. A. and Coffman, R. L., Cytokine and nitric
oxide regulation of the immunosuppression in Trypanosoma cruzi
infection. J. Immunol. 1995. 155: 3955–3963.
11 MacMicking, J., Xie, Q. W. and Nathan, C., Nitric oxide and
macrophage function. Annu. Rev. Immunol. 1997. 15: 323–350.
12 Stein, M., Keshav, S., Harris, N. and Gordon, S., Interleukin 4
potently enhances murine macrophage mannose receptor activity: a marker of alternative immunologic macrophage activation.
J. Exp. Med. 1992. 176: 287–292.
13 Doyle, A. G., Herbein, G., Montaner, L. J., Minty, A. J., Caput,
D., Ferrara, P. and Gordon, S., Interleukin-13 alters the activation state of murine macrophages in vitro: comparison with
interleukin-4 and interferon-gamma. Eur. J. Immunol. 1994. 24:
1441–1445.
14 Goerdt, S. and Orfanos, C. E., Other functions, other genes:
alternative activation of antigen-presenting cells. Immunity 1999.
10: 137–142.
15 Allen, J. E., Lawrence, R. A. and Maizels, R. M., APC from mice
harboring the filarial nematode, Brugia malayi, prevent cellular
proliferation but not cytokine production. Int. Immunol. 1996. 8:
143–151.
16 MacDonald, A. S., Maizels, R. M., Lawrence, R. A., Dransfield,
I. and Allen, J. E., Requirement for in vivo production of IL-4, but
not IL-10, in the production of proliferative suppression by filarial
parasites. J. Immunol. 1998. 160: 4124–4132.
17 Maizels, R. M., Bundy, D. A. P., Selkirk, M. E., Smith, D. F. and
Anderson, R. M., Immunological modulation and evasion by helminth parasites in human populations. Nature 1993. 365:
797–805.
18 MacDonald, A. S., Loke, P. and Allen, J. E., Suppressive
antigen-presenting cells in helminth infection. Pathobiology
1999. 67: 265–268.
19 Kopf, M., Brombacher, F., Hodgkin, P. D., Ramsay, A. J., Milbourne, E. A., Dai, W. J., Ovington, K. S., Behm, C. A., Kohler,
G., Young, I. G. and Matthaei, K. I., IL-5-deficient mice have a
developmental defect in CD5+ B-1 cells and lack eosinophilia but
have normal antibody and cytotoxic T cell responses. Immunity
1996. 4: 15–24.
20 Lyons, A. B. and Parish, C. R., Determination of lymphocyte
division by flow cytometry. J. Immunol. Methods 1994. 171:
131–137.
21 Allen, J. E. and MacDonald, A. S., Profound suppression of
cellular proliferation mediated by the secretions of nematodes.
Parasite Immunol. 1998. 20: 241–247.
22 Pardee, A. B., G1 events and regulation of cell proliferation.
Science 1989. 246: 603–608.
23 Zetterberg, A., Larsson, O. and Wiman, K. G., What is the
restriction point? Curr. Opin. Cell Biol. 1995. 7: 835–842.

26 Nurse, P., Checkpoint pathways come of age. Cell 1997. 91:
865–867.
27 Gerdes, J., Schwab, U., Lemke, H. and Stein, H., Production of
a mouse monoclonal antibody reactive with a human nuclear
antigen associated with cell proliferation. Int. J. Cancer 1983. 31:
13–20.
28 Schluter, C., Duchrow, M., Wohlenberg, C., Becker, M. H.,
Key, G., Flad, H. D. and Gerdes, J., The cell proliferationassociated antigen of antibody Ki-67: a very large, ubiquitous
nuclear protein with numerous repeated elements, representing a
new kind of cell cycle-maintaining proteins. J. Cell Biol. 1993.
123: 513–522.
29 Starborg, M., Gell, K., Brundell, E. and Hoog, C., The murine
Ki-67 cell proliferation antigen accumulates in the nucleolar and
heterochromatic regions of interphase cells and at the periphery
of the mitotic chromosomes in a process essential for cell cycle
progression. J. Cell Sci. 1996. 109: 143–153.
30 Machiels, B. M., Henfling, M. E., Gerards, W. L., Broers, J. L.,
Bloemendal, H., Ramaekers, F. C. and Schutte, B., Detailed
analysis of cell cycle kinetics upon proteasome inhibition. Cytometry 1997. 28: 243–252.
31 King, R. W., Deshaies, R. J., Peters, J. M. and Kirschner, M.
W., How proteolysis drives the cell cycle. Science 1996. 274:
1652–1659.
32 Munder, M., Eichmann, K. and Modolell, M., Alternative metabolic states in murine macrophages reflected by the nitric oxide
synthase/arginase balance: competitive regulation by CD4 + T
cells correlates with Th1/Th2 phenotype. J. Immunol. 1998. 160:
5347–5354.
33 Munder, M., Eichmann, K., Moran, J. M., Centeno, F., Soler, G.
and Modolell, M., Th1/Th2-regulated expression of arginase isoforms in murine macrophages and dendritic cells. J. Immunol.
1999. 163: 3771–3777.
34 Orlofsky, A., Wu, Y. and Prystowsky, M. B., Divergent regulation
of the murine CC chemokine C10 by Th1 and Th2 cytokines.
Cytokine 2000. 12: 220–228.
35 Loke, P., MacDonald, A. S. and Allen, J. E., Antigen presenting
cells recruited by Brugia malayi induce Th2 differentiation of naive
CD4+ T cells. Eur. J. Immunol. 2000. 30: 1127–1135.
36 Horowitz, J. B., Kaye, J., Conrad, P. J., Katz, M. E. and Janeway, C. A., Jr., Autocrine growth inhibition of a cloned line of
helper T cells. Proc. Natl. Acad. Sci. USA 1986. 83: 1886–1890.
37 Coligan, J. E., Kruisbeek, A. M., Marguilies, D. H., Shevach, E.
M. and Strober, W., (Eds), Current Protocols in Immunology, Current Protocols, New York. 1994.
38 Darynkiewicz, Z., Mammalian cell-cycle analysis. In Fantes, P.
and Brooks, R., (Eds.), The Cell Cycle: a practical approach.
Oxford University Press, Oxford 1993.

Correspondence: Judith E. Allen, Institute of Cell, Animal
and Population Biology, University of Edinburgh, Edinburgh,
EH9 3JT, GB
Fax: +44-131-650-5450
e-mail: j.allen — ed.ac.uk
Andrew S. MacDonald’s present address: Department of
Microbiology and Immunology, College of Veterinary Medicine, Cornell University, Ithaca NY 14853 U.S.A.

