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PD-L1 and PD-L2 are ligands for PD-1, a costimulatory molecule that
plays an inhibitory role in regulating T cell activation in the
periphery. We find that PD-L1 is highly expressed on inflammatory
macrophages as compared with resident peritoneal macrophages
but can be induced on resident macrophages by classical activation
stimuli such as lipopolysaccharide, IFN-␥, and polyinosinic-polycytidylic acid. Further up-regulation of PD-L1 on inflammatory
macrophages can also be induced by subsequent exposure to
lipopolysaccharide and IFN-␥. In contrast, PD-L2 is not expressed on
inflammatory macrophages but can be induced by alternative
activation via IL-4. Although PD-L1 is highly inducible on a variety
of antigen-presenting cell lines as well as resident macrophages,
PD-L2 is most significantly inducible only on inflammatory macrophages. PD-L1 up-regulation depends on TLR4 and STAT1, whereas
PD-L2 expression depends on IL-4R␣ and STAT6. Consistent with
these results, T helper 1兾T helper 2 (Th1兾Th2) cells also differentially up-regulate PD-L1 and PD-L2 expression on inflammatory
macrophages. Hence, Th1 cells as well as microbial products can
enhance PD-L1 expression on many different macrophage populations, whereas Th2 cells instruct only inflammatory macrophages
to up-regulate PD-L2. These results suggest that PD-L1 and PD-L2
might have different functions in regulating type 1 and type 2
responses.
IL-4 兩 Stat6 兩 Stat1 兩 B7-DC 兩 B7-H1
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I

nflammation in the peripheral tissues is the site of important
interactions between effector T cells and innate immune cells.
Although interactions of the classical costimulatory molecules
CD28兾CTLA-4 and their ligands B71兾B72 are crucial in the
primary activation of naı̈ve T cells by dendritic cells (1), the more
recently described members of this family (ICOS:B7H, PD1:PD-L1兾PD-L2) have been implicated in the regulation of
effector T cell function, especially in peripheral tissues (2).
Because inflammatory monocyte兾macrophages often are the
major innate immune cell type in peripheral tissue inflammation,
their interactions with effector T cells should be a crucial
determinant of the course of the immune response. However,
this macrophage兾T cell interaction is not well understood,
especially with regard to the recently described costimulatory
molecules and ligands.
PD-1 (for programmed death 1) was originally identified by
subtractive hybridization in T cells undergoing apoptosis (3) but
has recently been recognized as a costimulatory molecule that is
thought to provide an inhibitory signal. Interestingly, mice
deficient in PD-1 suffer from a lupus-like glomerulonephritis
and arthritis on the C57BL兾6 background (4), whereas they have
a fatal autoimmune dilated cardiomyopathy in BALB兾c mice
(5). These observations suggest a role for PD-1 in regulating
peripheral tolerance. Two ligands that belong to the B7 family
have been identified for PD-1, PD-L1 (also B7-H1; refs. 6 and
7), and PD-L2 (also B7-DC; refs. 8 and 9). PD-L1 is expressed
on macrophages and tumor cells (10), whereas PD-L2 is largely
restricted to dendritic cells (9). A more recent study showed that
PD-L1 was up-regulated further on macrophages by lipopolysaccharide (LPS), IFN-␥, granulocyte兾macrophage colonystimulating factor, and IL-4, whereas PD-L2 was induced on
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macrophages by IFN- ␥ , granulocyte兾macrophage colonystimulating factor, and IL-4 (11). Although the phenotype of
PD-1-deficient mice clearly suggests an inhibitory role for this
molecule, its ligands have been reported to have both positive (9)
as well as negative capabilities (6, 8).
Macrophages are classically activated by engagement of Tolllike receptors (TLRs) (12) or the binding of IFN receptors by
IFN-␣兾␤ or IFN-␥ (13). Classically activated macrophages are
critically involved in the destruction of intracellular pathogens
and often are regulated by T helper 1 (Th1) cells or CD8⫹ cells
through IFN-␥ (14). Recently, it has become recognized that
macrophages also can be activated by an alternative pathway
involving the type 2 cytokines IL-4 and IL-13 (15, 16). Although
these macrophages have been implicated in performing immunoregulatory roles through their in vitro activity, the in vivo
function of these alternatively activated macrophages remains
unclear. However, the prevalence of these alternatively activated
macrophages as one of the major inflammatory cell types in
chronic Th2 inflammatory conditions such as allergy (17) and
parasitic infection (18) strongly suggests that they are important
in type 2 responses. Here, we show that when inflammatory
macrophages are activated by IL-4 or Th2 cells, they strongly
up-regulate PD-L2, a costimulatory ligand that could be important in regulating T cell function. Apart from being a potential
indicator of IL-4 activity on macrophages, PD-L2 might be
playing an important role in the immunoregulatory effects of
alternatively activated macrophages.
In recent years, much emphasis has been placed on how
antigen-presenting cells ‘‘instruct’’ T cells through costimulatory
ligands. Here, we show that differentiated effector T cells
instruct macrophages to express different costimulatory ligands.
Interestingly, induction of PD-L2 is most pronounced on inflammatory macrophages, whereas PD-L1 is inducible on all cell
types. We examined the mechanisms regulating PD-L1 and
PD-L2 expression and found that, although PD-L1 is stably
expressed on inflammatory macrophages, increased expression
as a result of stimuli is associated with rapid turnover of this
molecule. The up-regulation of both PD-L1 and PD-L2 depends
on transcription and translation. Furthermore, we show that
up-regulation of PD-L1 by LPS is TLR4-dependent and that
Stat1 signaling also is critical in regulating PD-L1 expression,
whereas expression of PD-L2 is regulated by IL-4R␣ and Stat6.
The differential regulation of PD-L1 and PD-L2 suggests that
they might have different functions under different Th1兾Th2
inflammatory situations, although they both bind PD-1.
Materials and Methods
Animals and Treatment. C57BL兾6, BALB兾c, C3H兾HeJ, and IL4R␣⫺/⫺ mice and Stat6⫺/⫺ mice on the BALB兾c background
were obtained from The Jackson Laboratory. OT2 Rag⫺/⫺ and
DO11.10 Rag⫺/⫺ mice were bred in-house. Stat1⫺/⫺ mice on a
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129S6兾SvEv background were obtained from Taconic Farms.
Mice used in experiments were 6–8 weeks old. Both male and
female mice were used with identical results. To classically
activate resident macrophages, mice were injected i.p. with 500
g of polyinosinic-polycytidylic acid (Poly IC). To induce inflammatory macrophages, mice were injected with 3–4 ml of 4%
thioglycolate. Forty-eight to 72 h later, peritoneal macrophages
were washed out with RPMI 1640 medium.
Macrophage Activation. Peritoneal macrophages were adhered

IMMUNOLOGY

onto 12-well plates (1–2 ⫻ 106 cells) or six-well plates (2 ⫻ 106
cells) for between 2 and 12 h. Nonadherent cells were removed
by washing two to three times with PBS. Unless otherwise stated,
adherent macrophages then were cultured with medium alone or
activated with IL-4 (20 ng兾ml) or LPS ⫹ IFN-␥ (100 ng兾ml each)
for 24 h. Recombinant mouse IL-4 and IFN-␥ were purchased
from R & D Systems. LPS was purchased from Sigma. Activated
macrophages were harvested with a cell scraper for FACS
analysis. In time course studies as well as some of the other
experiments, harvested cells were frozen (in FCS and 10%
DMSO) and stained together at the end of the experiment. Nitric
oxide production was measured by incubating an equal volume
of supernatant with Griess Reagent (Sigma), using NaNO2 as a
standard.
Antibodies and Flow Cytometry. FITC-conjugated ␣-F4兾80 was
purchased from Caltag (South San Francisco, CA). Phycoerythrin-labeled ␣-PD-L1, ␣-PD-L2, and rat IgG2A isotype
control were purchased from eBioscience (San Diego). For
FACS analysis, cells (2–5 ⫻ 105) were preincubated with unlabeled ␣-CD16兾32 (24G2) and then incubated with relevant
antibodies. After washing three times with PBS, cells were fixed
with paraformaldehyde (2%) before FACS analysis.
T Cell Activation and Differentiation. To generate Th1兾Th2 cells,
lymph node cells from OT2 RAG⫺/⫺ and DO11.10 RAG⫺/⫺
mice were stimulated with 10 g兾ml OVA (323–329) peptide
(ISQAVHAAHAEINEAGR) and irradiated splenocytes from
C57兾BL6 and BALB兾C mice, respectively, in the presence of
IL-12 (5 ng兾ml) and ␣-IL-4 (11B11) (20 g兾ml) for Th1 cells and
IL-4 (50 ng兾ml) and ␣-IFN-␥ (50 mg兾ml) for Th2 cells. T cells
were expanded after 48 h and rested for 7–10 days before being
purified over Histopaque 1119 (Sigma) and restimulated or used
in assays. To activate inflammatory macrophages, 1 ⫻ 105 rested
T cells were cocultured with 1 ⫻ 106 macrophages in 12-well
plates for 24 h in the presence or absence of OVA peptide. All
cell culture was performed in RPMI 1640 medium supplemented
with 10% FCS, L-glutamine (2 m), penicillin (100 units兾ml),
streptomycin (100 units兾ml), and 2-mercaptoethanol (2 m).

Results
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Differential Induction of PD-L1 and PD-L2 by Classical vs. Alternative
Activation. Because PD-1 ligands have been implicated in regu-

lating effector T cells in the periphery (2), we decided to
investigate the expression of PD-L1 and PD-L2 in macrophage
populations under different conditions in peripheral tissues.
When resident macrophages in the peritoneal cavity were analyzed ex vivo, we found that they expressed low levels of PD-L1
and no PD-L2 (Fig. 1A). Inflammatory macrophages that were
recruited into the peritoneal cavity by thioglycolate injection
expressed high levels of PD-L1 ex vivo, but no PD-L2. Resident
macrophages could be induced to up-regulate PD-L1 expression
by in vivo exposure to double-stranded RNA in the form of Poly
IC, which stimulates IFN-␣兾␤ production (19). Poly IC treatment
did not significantly increase the number of macrophages in the
peritoneal cavity, suggesting that it is inducing PD-L1 expression
on resident macrophages. Importantly, Poly IC treatment did not
induce PD-L2. When we investigated the sensitivity of these
Loke and Allison

Fig. 1. Expression of PD-L1 and PD-L2 on macrophages. (A) PD-L1 but not
PD-L2 is expressed on inflammatory and activated resident macrophages.
Peritoneal macrophages from untreated mice (Resident M⌽), mice injected
with thioglycolate (Thio. M⌽), and mice injected with Poly IC (Poly IC M⌽) were
stained for PD-L1 and PD-L2 expression (solid line), ex vivo, 72 h after treatment and compared with rat IgG2A isotype control antibody staining (shaded
histogram). Data shown are representative of at least three separate mice in
different experiments. (B) NO production after LPS and IFN-␥ stimulation by
macrophages expressing PD-L1. PD-L1-expressing macrophages produce more
NO. Adherent peritoneal macrophages from treated mice were activated with
LPS and IFN-␥ (100 ng兾ml) for 24 h before the supernatants were assayed for
NO2. SD bars indicate variation between animals in treatment groups. (C)
Differential up-regulation of PD-L1 and PD-L2 by type 1 and type 2 stimuli on
inflammatory macrophages. Inflammatory macrophages from thioglycolatetreated mice were activated with IL-4 (20 ng兾ml) or LPS ⫹ IFN-␥ (100 ng兾ml
each) or cultured in medium alone for 24 h, after which cells were harvested
and stained for PD-L1 and PD-L2 expression as well as for F4兾80. Mean
fluorescence intensity (MFI) of staining results shown are from F4兾80⫹ gated
cells alone (typically ⬎90%). Data shown are representative of ⬎10 experiments with similar results. (D) Time course of PD-L1 and PD-L2 up-regulation
after stimulation. Macrophages were activated as described above and harvested at the indicated time points. Harvested cells were frozen (in FCS ⫹ 10%
DMSO) and stained together at the end of the experiment. Time course data
shown are representative of three separate experiments.

different macrophage populations to subsequent LPS and IFN-␥
stimulation, we found that PD-L1 expression correlated with the
ability of macrophages to produce NO after stimulation in vitro
(Fig. 1B). Thioglycolate-recruited macrophages that express the
highest levels of PD-L1 produced the highest amount of NO, as
compared with Poly IC-activated resident macrophages. ResiPNAS 兩 April 29, 2003 兩 vol. 100 兩 no. 9 兩 5337

Fig. 2. PD-L1 is inducible on cell lines and resident macrophages but PD-L2 is inducible only on inflammatory macrophages. Peritoneal macrophages from
untreated mice (Resident M⌽) and thioglycolate-injected mice (Inflammatory M⌽) were activated together with cell lines with IL-4 (20 ng兾ml) or LPS ⫹ IFN-␥
(100 ng兾ml each) for 24 h and stained for PD-L1兾L2 expression. Data shown are representative of at least two experiments with each cell type.
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dent macrophages did not produce detectable levels of NO when
activated by LPS and IFN-␥. These results suggest that macrophages have to be in a ‘‘primed’’ state before they can be
responsive to subsequent stimulation to produce nitric oxide.
This result is consistent with recently published work by Hu et al.
(20), which showed that different populations of monocyte兾
macrophages have different sensitivities to IFN-␥ stimulation
and that subthreshold concentrations of IFN-␥ will increase
sensitivity to subsequent IFN-␥ stimulation.
We then decided to investigate how PD-L1 and PD-L2 were
regulated on inflammatory macrophages in response to subsequent stimulation. When inflammatory macrophages were classically activated by LPS and IFN-␥, they strongly up-regulated
PD-L1, far above the constitutively high levels of expression by
these macrophages. Interestingly, when they were activated by
the type 2 cytokine IL-4, they strongly up-regulated PD-L2
instead (Fig. 1C). The induction of PD-L1 and PD-L2 by classical
vs. alternative stimuli was not mutually exclusive, because IL-4
also stimulates some PD-L1 up-regulation and LPS and IFN-␥
also stimulate some PD-L2 expression, especially after longer
periods of time (Fig. 1D). This is consistent with the observations
of Yamazaki et al. (11). However, there is a dramatic difference
in the level of PD-L1 and PD-L2 up-regulation depending on
classical vs. alternative activation. It remains to be determined
whether the effects of IL-13 are the same or similar to IL-4.
It was important to determine whether this differential regulation by classical vs. alternative activation was restricted to
inflammatory macrophages or was common to other macrophage populations, including antigen-presenting cell lines (Fig.
2). We found that the macrophage cell lines J774 and RAW264.7
and the dendritic cell line DC2.4 could be induced to express
higher levels of PD-L1 after stimulation with LPS and IFN-␥ but
could not be induced to express PD-L2 by IL-4. Resident
macrophages from the peritoneal cavity showed the same pattern of inducible expression, although there is a slight increase
in PD-L2 expression upon IL-4 activation. Therefore, PD-L1 is
easily inducible on a number of different cell types, whereas
PD-L2 expression is much more restricted and can be highly
up-regulated by IL-4 only on inflammatory macrophages.
Mechanisms of PD-L1 and PD-L2 Induction. Very little is known
about the mechanisms that regulate expression of PD-L1 and
PD-L2. Our first goal was to determine whether transcription
and translation were required for increased expression after
5338 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0931259100

stimulation. Although the kinetics of PD-L1 and PD-L2 upregulation (Fig. 1D) suggested that protein synthesis was involved, it was important to exclude changes in the trafficking and
differential cellular localization of these molecules. It was also
important to determine the turnover rate of PD-L1 and PD-L2,
because this could have important consequences for the engagement of their receptor(s) on T cells or other cells.
Inflammatory macrophages were activated classically or alternatively in the presence of either actinomycin D or cycloheximide to inhibit transcription and translation. Interestingly, the
expression of PD-L1 rapidly decreased in classically activated
macrophages in the absence of transcription and translation,
whereas PD-L1 expression was stable on unactivated control
macrophages (Fig. 3). In alternatively activated macrophages,
there was a slight decrease in PD-L1 expression that was
consistent with the slight up-regulation in PD-L1 expression by
IL-4. These results showed that the expression of PD-L1 is stable
on inflammatory macrophages and that increased expression as
a result of stimulation is associated with increased turnover. The
expression of PD-L1 is especially dynamically regulated by
classical stimulation. PD-L2 is not expressed on the surface of
unactivated macrophages, and its up-regulation by alternative
activation with IL-4 is inhibited by blocking of transcription and
translation. Protein synthesis is therefore necessary for PD-L2
expression.
PD-L1 Expressions Is Regulated by TLR4 and Stat1. We decided to

examine further the mechanism behind the induction of PD-L1
by LPS and IFN-␥. LPS and IFN-␥ alone can separately activate
inflammatory macrophages to up-regulate PD-L1 (Fig. 4A),
although not as effectively as LPS and IFN-␥ together, regardless
of the dose (from 10 to 200 ng兾ml). To determine whether the
LPS response is mediated via TLR4, we injected thioglycolate to
recruit inflammatory macrophages from C3H兾HeJ mice that
have a mutation in TLR4 (21). As expected, inflammatory
macrophages from C3H兾HeJ mice do not up-regulate PD-L1 in
response to LPS but do up-regulate PD-L1 in response to IFN-␥.
This shows that up-regulation of PD-L1 on macrophages is yet
another downstream effect of TLR4 engagement by LPS.
Stat1 is a critical transcription factor in IFN-dependent responses (13, 22). Stat-deficient mice cannot up-regulate many
IFN-inducible genes and are highly susceptible to microbes,
viruses, and tumors. However, microarray analysis has shown
that there are also STAT1-independent genes that can be
Loke and Allison
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Fig. 3. PD-L1 and PD-L2 induction depend on transcription and translation.
PD-L1 is turned over rapidly after activation with LPS ⫹ IFN-␥. Thioglycolateinduced macrophages were activated with LPS ⫹ IFN-␥ and IL-4 in the presence
or absence of actinomycin D (1 g兾ml) or cycloheximide (10 g兾ml) and
harvested at various time points. MFI of staining results shown is from F4兾80⫹
gated cells. Data shown are representative of two experiments.

induced by IFN-␥ (22). To investigate whether PD-L1 upregulation is mediated by Stat1 signaling, we injected thioglycolate to recruit inf lammatory macrophages from Stat1deficient mice and examined their response to LPS and IFN-␥.
Stat1-deficient macrophages express normal levels of PD-L1 on
inflammatory macrophages, showing that Stat1 is not required
for constitutive expression of PD-L1 on these macrophages.
Activation of Stat1-deficient macrophages with IFN-␥ increases
PD-L1 expression very slightly, and the response to LPS also was
diminished. This indicates that Stat1 is not required for the
constitutive expression of PD-L1 on inflammatory macrophages
but is involved in the up-regulation of PD-L1 by subsequent
inflammatory factors such as LPS and IFN-␥.
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PD-L2 Expression Is Regulated by IL-4R␣ and Stat6. Like the inter-

ferons, IL-4 acts through the Jak兾Stat pathway, although it is
Stat6 that is critical for regulating downstream changes in gene
expression (23). To determine whether the effects of IL-4 on
macrophage expression of PD-L2 also are mediated through this
pathway, we decided to examine inflammatory macrophages
from the IL-4R␣- and Stat6-deficient mice. PD-L2 expression on
these macrophages could not be induced by IL-4 (Fig. 4B), and
the slight up-regulation of PD-L1 by IL-4 also was eliminated
(Fig. 4C). However, IL-4R␣⫺/⫺ and Stat6⫺/⫺ macrophages were

Loke and Allison

Fig. 4. PD-L1 and PD-L2 up-regulation are regulated by Stat1 and Stat6. (A)
PD-L1 up-regulation by LPS and IFN-␥ depends on Stat1. Thioglycolateinduced macrophages from BALB兾c, Stat1⫺/⫺, and C3H兾HeJ mice were cultured in medium alone (control) or activated for 24 h with LPS (10 –200 ng兾ml)
and IFN-␥ (10 –200 ng兾ml) or LPS and IFN-␥ together (10 –200 ng兾ml). Representative histograms shown are for activation at 100 ng兾ml. (B) PD-L2 induction depends on IL-4R␣ signaling and the Stat6 pathway. Thioglycolateinduced macrophages from BALB兾c, Stat6⫺/⫺, and IL-4R␣⫺/⫺ mice were
activated for 24 h as described before and stained for PD-L1 and PD-L2
expression. Data shown are representative of at least three experiments with
both Stat6⫺/⫺ and IL-4R␣⫺/⫺ mice. (C) Time course of PD-L1 and PD-L2 upregulation on IL-4R␣- and Stat6-deficient macrophages. Macrophages were
activated and harvested as described before and stained together at the end
of the experiment. Time course data are representative of two experiments.

indistinguishable from WT macrophages in their ability to
up-regulate PD-L1 in response to classical stimulation, showing
a clear separation in the pathways regulating PD-L1 and PD-L2
up-regulation by classical vs. alternative activation (Fig. 4C).
Differential Induction of PD-L1 and PD-L2 by Th1 vs. Th2 Cells. Having

determined that classical vs. alternative activation differentially
regulate PD-L1 and PD-L2 expression, we wanted to determine
whether Th1 and Th2 cells also had this differential effect
through antigen presented by inflammatory macrophages. Because different genetic backgrounds are known to influence Th1
and Th2 differentiation (24), we investigated T cell兾macrophage
PNAS 兩 April 29, 2003 兩 vol. 100 兩 no. 9 兩 5339

doses of peptide. The reciprocal situation was observed with
regard to PD-L2 expression on macrophages and Th2 cells. Th1
and Th2 cells did not exclusively induce only PD-L1 and PD-L2;
however, the differences in the levels of induction were very
significant. To determine whether the effects of Th1兾Th2 cells
are dependent on Stat1 (for Th1) and IL-4R␣兾Stat6 (for Th2),
we repeated these experiments with inflammatory macrophages
derived from mice deficient for these molecules. Stat1-deficient
mice (129S6兾SvEv) on a H2b background were activated with
OT2 Th1 cells, whereas Stat6- and IL-4R␣-deficient mice on the
BALB兾c background were activated with DO11.10 Th2 cells.
The up-regulation of PD-L1 expression by Th1 cells was reduced
severely (although not completely ablated) in the Stat1-deficient
macrophages, consistent with previous experiments with IFN-␥
treatment. The up-regulation of PD-L2 expression was completely ablated in the IL-4R␣⫺/⫺ macrophages, although a very
small number of Stat6-deficient macrophages were able to
up-regulate PD-L2 expression. However, PD-L2 expression is
still severely diminished in these Stat6⫺/⫺ macrophages. These
results showed that Th1兾Th2 cells could replace classical兾
alternative activation stimuli and differentially regulate PD-L1兾
PD-L2 expression through Stat1兾Stat6.
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Fig. 5. Differential regulation of PD-L1 and PD-L2 expression by Th1 and Th2
cells. (A) Differentiated Th1 and Th2 cells were generated from the OT2
RAG⫺/⫺ mice and DO11.10 RAG⫺/⫺ mice stimulated under polarizing conditions. Rested T cells (after two to three rounds of polarizing stimulation) were
cocultured with thioglycolate-induced macrophages in the presence (⫹; from
0.0001 to 1 g兾ml) or absence (⫺) of peptide (Ova 323–329). Twenty-four
hours later, all cells were harvested and stained for PD-L1 and PD-L2 expression
as well as for F4兾80. Representative histograms shown are gated on F4兾80⫹
cells to distinguish macrophages from T cells. (B) Induction of PD-L1 and PD-L2
by Th1兾Th2 cells at different peptide concentrations. MFI of staining results
shown is for F4兾80⫹ gated cells. Results shown for A and B are representative
of three to four experiments, each with DO11.10 and OT2 T cells, all with
similar results. (C) Induction of PD-L1 expression by Th1 cells is Stat1dependent, and PD-L2 expression by Th2 cells is IL-4R␣- and Stat6-dependent.
Differentiated Th1 cells from OT2 RAG⫺/⫺ mice were cocultured with macrophages from Stat1⫺/⫺ mice, and differentiated DO11.10 RAG⫺/⫺ Th2 cells were
cocultured with macrophages from Stat6 and IL-4R␣⫺/⫺ mice for 24 h in the
presence of peptide (heavy line) or the absence of peptide (thin line). Histograms shown are representative of several different peptide concentrations.

interactions with polarized T cells derived from OT2 RAG⫺/⫺
mice on the C57兾BL6 background, as well as the DO11.10
RAG⫺/⫺ mice on the BALB兾c background. These T cells then
were presented with different concentrations of peptide on
inflammatory macrophages from C57兾BL6 or BALB兾c mice
(Fig. 5). In repeated experiments, Th1 cells alone even in the
absence of peptide would increase slightly the expression of
PD-L1 on macrophages. In the presence of even very low
concentrations of peptide, Th1 cells would induce extremely high
levels of PD-L1 on macrophages. Th2 cells also would induce
PD-L1 on the macrophage surface, although only at much higher
5340 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0931259100

Discussion
There are two distinct phases of an immune response that
require important interactions between the innate and the
adaptive immune system. During the priming phase of an
immune response, dendritic cells leave the site of tissue inflammation carrying foreign antigens into the secondary lymphoid
organs to activate naı̈ve T cells. Apart from presenting antigenic
peptide–MHC complexes to specifically activate naı̈ve T cells,
dendritic cells also provide costimulation by engaging CD28 on
the T cells through its ligands (B71兾B72). During the effector
phase of a response, activated and differentiated effector T cells
leave the secondary lymphoid organs, penetrate the sites of
tissue inflammation, and coordinate the effector arms of the
innate immune system. Macrophages are one of the major innate
inflammatory cell types that can present antigen and interact
with effector T cells there. When inflammatory monocytes
encounter and present antigen to effector T cells, they would be
exposed to the cytokine microenvironment that is created by the
activated T cells. Hence, the most likely determinant of whether
macrophages are classically or alternatively activated is their
encounter with Th1 or Th2 cells. Indeed, an important but
previously unappreciated function of Th2 cells could be the
alternative activation of macrophages. Here, we find that Th1
and Th2 cells can differentially up-regulate PD-L1 and PD-L2 on
macrophages in the periphery; hence, they are the major determinant of the costimulatory signals that are received by subsequent T cells that interact with macrophages expressing PD-L1
or PD-L2.
We found that, whereas PD-L1 is easily inducible on a number
of different cell types, PD-L2 expression is much more restricted
and can be highly up-regulated by IL-4 only on inflammatory
macrophages. Previously, the expression of PD-L2 has been
reported to be restricted mainly to dendritic cells (9). PD-L1
can also be induced on endothelial cells (25). This suggests that
PD-L1 might play a more general role in down-regulating
activated T cells in the periphery as opposed to a more specific
role for PD-L2. Interestingly, we found that on macrophages,
PD-L1 expression correlated with the amount of NO production
upon subsequent stimulation. These results suggest that PD-L1
expression could be an important marker of ‘‘primed’’ macrophages. This ‘‘primed’’ state can be induced by low doses of
IFN-␥ on monocyte兾macrophages (20) as well as type 1 IFNs
(26). Whereas PD-L2 might be a marker of alternatively activated macrophages, PD-L1 could be a marker for macrophages
‘‘primed’’ to be sensitive to subsequent IFN-␥ signaling.
Loke and Allison
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differentially regulated by T helper subsets. An important
question raised by this study is why PD-L1 and PD-L2 should be
differentially regulated by type 1 and type 2 conditions because
they both bind PD-1. There are a number of possibilities,
especially because PD-L1 and PD-L2 have been reported to be
stimulatory or inhibitory under different experimental conditions. One is a positive feedback loop, whereby higher PD-L1
levels on macrophages preferentially stimulate Th1 cells and
inhibit Th2 cells, and vice versa with PD-L2. The other possibility
is a negative feedback loop, whereby PD-L1 inhibits Th1 cells
and stimulates Th2 cells, and vice versa with PD-L2. Different
levels of PD-L1 and PD-L2 also could have different effects on
subsequent interaction of macrophages with naı̈ve vs. effector
and memory T cells. A most intriguing possibility also is raised
by recent papers showing that costimulatory ligands can deliver
signals back into the antigen-presenting cell that influence the
function of dendritic cells (30, 31). Perhaps, PD-L1 and PD-L2
are transducing signals that influence the way that macrophages
are activated upon subsequent interaction with T cells. Regardless of these possibilities, our results suggest that PD-L1 and
PD-L2 might have different roles in regulating type 1 and type
2 responses in the periphery. Analysis of mice deficient for these
molecules should reveal whether this is indeed the case. It would
also be interesting to determine whether blocking antibodies
against PD-L1 and PD-L2 could be beneficial in the treatment
of diseases such as allergy and experimental autoimmune encephalomyelitis, where the Th1兾Th2 balance is involved in
pathogenesis.

Our results also show that the up-regulation of PD-L1 and
PD-L2 expression is mediated by the Jak兾Stat pathway. However, the expression of constitutive PD-L1 on inflammatory
macrophages is not Stat1-dependent. PD-L1 expression can be
enhanced further on inflammatory macrophages by classical
activation via LPS and IFN-␥ in a Stat1-dependent manner. LPS
and interferons are known to induce a common set of genes in
macrophages. Whereas LPS signals through TLR4 with adapter
molecules such as Myd88 and TIRAP and a cascade that
eventually leads to nuclear translocation of NFKB and AP-1
(12), interferons signal through the Janus kinases and Stat family
of transcription factors (13). Just recently, it has become clear
that a subset of genes induced by LPS is actually a result of
secondary autocrine production of IFN-␤ (27). This response
depends on Stat1 signaling as opposed to Stat1-independent
genes directly induced through TLR4 signaling. The fact that
PD-L1 expression on Stat1-deficient macrophages has a diminished response to LPS suggests that LPS could be enhancing
PD-L1 expression through a secondary mechanism involving
autocrine production of IFN-␤ (27).
The effects of IL-4 and downstream signaling pathways have
been studied most carefully in T and B cells. Whereas IL-4 has
been shown to inhibit gene transcription by subsequent classical
stimulation (28), little was known about the direct effects of IL-4
on inflammatory macrophage gene transcription until very
recently, when a microarray study revealed that IL-4 can act on
macrophages through the Stat6 pathway to induce a gene known
as Ym1 (29). Here, we find that PD-L2 is regulated through the
same pathway as Ym1. However, examination of the upstream
region of PD-L2 did not reveal any Stat6-binding domains. How
Stat6 regulates PD-L2 expression remains to be established.
Our findings that Th1 cells induce PD-L1 whereas Th2 cells
induce PD-L2 are the first examples of costimulatory ligands

