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Abstract

The toll-like receptors (TLRs) are important innate receptors recognizing potentially pathogenic 
material. However, they also play a significant role in the development of Alzheimer’s disease, 
cancer, autoimmunity and the susceptibility to viral infections. Macrophages are essential for an 
effective immune response to foreign material and the resolution of inflammation. In these studies, 
we examined the impact of different TLR ligands on macrophage cell function. We demonstrate that 
stimulation of all TLRs tested increases the phagocytosis of apoptotic cells by macrophages. TLR7 
and TLR9 ligation decreased the levels of the surface co-expression molecules CD86 and MHCII, 
which was associated with a concomitant reduction in antigen presentation and proliferation of T 
cells. This down-regulation in macrophage function was not due to an increase in cell death. In fact, 
exposure to TLR7 or TLR9 ligands promoted cell viability for up to 9 days, in contrast to TLR3 or 
TLR4. Additionally, macrophages exposed to TLR7/TLR9 ligands had a significantly lower ratio of 
Il-12/Il-10 mRNA expression compared with those treated with the TLR4 ligand, LPS. Taken together, 
these data demonstrate that TLR7/TLR9 ligands push the macrophage into a phagocytic long-lived 
cell, with a decreased capacity of antigen presentation and reminiscent of the M2 polarized state.
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Introduction

An effective response to a microbial challenge depends 
upon the presence of different families of pathogen-recog-
nition receptors (PRRs). The toll-like receptors (TLRs) are an 
important innate PRR family that recognizes specific patho-
gen-associated molecular patterns (PAMPs) (1). Following 
ligation with their respective ligand, these TLRs initiate a 
series of inflammatory events that depend upon the MyD88 
and/or TRIF signaling pathways. They are known to influence 
the functions of many immune cells, but a comparative study 
on macrophages has yet to be completed.

Macrophages provide a first line of defense against invad-
ing microorganisms, sensing of which through PRRs triggers 
innate and adaptive immune responses (2). These cells are 
critical for the uptake and removal of potentially pathogenic 
material, antigen processing and T-lymphocyte presentation. 
However, the phagocytic processes involved can promote 
tissue destruction directly, through the generation of reactive 

oxygen species (ROS) and enzymes, and indirectly, by recruit-
ing and activating other inflammatory cells. Macrophages 
also play a role in the resolution of inflammation and wound 
healing, through engulfing and clearing apoptotic cells and 
producing cytokines such as IL-1 receptor antagonist, IL-10 
and TGF-β (3, 4). Therefore, dysregulation can have multiple 
effects on the system.

A hallmark of macrophages is their plasticity and ability for 
functional polarization following multiple environmental signals 
(5, 6). Although the polarization phenotypes can be diverse, 
two main macrophage polarization states, termed M1 and 
M2, have been defined in vitro. Proinflammatory M1 or clas-
sically activated macrophages are generated by priming with 
inflammatory cytokines such as IFN-γ in combination with LPS 
(5). These macrophages are characterized by the production 
of inflammatory cytokines, an IL-12hi/IL-10lo phenotype, and 
increased antigen-presentation capability. M2 macrophages 
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can be induced by exposure to anti-inflammatory cytokines 
such as IL-4 and IL-13; by combined exposure to immune 
complexes (ICs) and TLR or IL-1R agonists; or by exposure to 
IL-10 (7). Although subtle functional differences exist between 
the M2 macrophages in terms of the stimuli used to gener-
ate them, they mainly share the common characteristic of an 
IL-12lo/IL-10hi phenotype and other features such as efficient 
scavenging ability and the promotion of immunoregulatory 
and tissue remodeling functions (5, 6, 8). Distinct macrophage 
subtypes perform markedly different functions based on their 
localization within the tissue (9). Additionally, the macrophage 
polarization state dictates the capacity of the macrophages 
to drive antigen-specific T-cell proliferation. For example, a 
subtype of M2 macrophages associated with the autoimmune 
disease SLE are generated by stimulation with LPS and ICs (7, 
10). These cells express high levels of CD86 and MHCII and 
are efficient antigen-presenting cells (APCs) (8).

Macrophages can be activated by cytokines or potential 
pathogenic material. The bacterial cell wall component, LPS, 
is recognized by TLR4 that is located on the cell surface. TLR7 
and TLR9 are located inside the cell, within endosomes, rec-
ognize ds-RNA and ss-RNA, respectively, and are dependent 
upon the MyD88 signaling pathway for an immune response. 
TLR3, activated by bacterial unmethylated ds-DNA, is TRIF 
dependent, whereas LPS stimulation of TLR4 may trigger 
both MyD88 and TRIF downstream signaling pathways.

In these studies, we evaluated the effects of multiple TLR 
ligands on macrophage functions important for pathogen rec-
ognition, immune activation and the resolution of inflamma-
tion. Surprisingly, we found that different TLR ligands induce 
distinct functional and biochemical properties in murine mac-
rophages. In contrast to TLR4 stimulation by LPS, we deter-
mined that TLR7 and TLR9 ligation induced macrophages 
into a long-lived phagocytic state with a decreased capability 
of antigen presentation and T-cell proliferation. We speculate 
that this could be a protective mechanism that evolved to pre-
vent presentation of self-antigens, such as self-nucleic acids, 
from dead cells ingested by macrophages.

Methods

Mice
Mice were bred at the Biological Resource Centre, A*STAR, 
in Singapore. Breeding pairs for C57BL6J (B6) and Rag1−/−/
transgenic OT-II mice were originally purchased from the 
Jackson Laboratory (Bar Harbor, ME, USA). The care and 
use of laboratory animals conformed to the National Institutes 
of Health guidelines, and all experimental procedures con-
formed to an Institutional Animal Care and Use Committee 
approved animal protocol.

Reagents
TLR ligands CpG (type B, ODN 1826), R848, LPS-EB ultrapure 
and Poly (I:C) LMW were purchased from Invivogen (San 
Diego, CA, USA). Ovalbumin (OVA) and etoposide were from 
Sigma-Aldrich (St Louis, MO, USA). OVA peptide 323–339 
(ISQAVHAAHAEINEAGR) was purchased from GenScript 
(Piscataway, NJ, USA). Reagents were re-suspended in 
endotoxin-free water and media was regularly checked for 

the absence of endotoxin, using a Limulus Amoebocyte 
Lysate test (Lonza, Walkersville, MD, USA). Unless otherwise 
indicated, cells were stimulated with 0.1 μM CpG, 1 μg ml–1 
R848, 10 ng ml–1 LPS and 1 μg ml–1 Poly I:C. Where indicated, 
cells were stimulated with IFN-γ (supernatants from X63 
cell hybridoma transfected with IFN-γ) used at a 1:100 dilu-
tion, a gift from Dr Antonio Celada, University of Barcelona 
(Barcelona, Spain) (11).

Cell preparation and cell culture
Cells were cultured in complete RPMI 1640 (cRPMI), consist-
ing of RPMI 1640 (Gibco, Life Technologies, Carlsbad, CA, 
USA) supplemented with 10 or 20% FBS (Hyclone, Thermo 
Fisher Scientific, Waltham, MA, USA), 15 mM HEPES, 100 µg 
ml–1 streptomycin, 100 U ml–1 penicillin, 200 µM l-glutamine, 
10 µM non-essential amino acids, 100 µM sodium pyruvate (all 
from Gibco) and 45  µM 2-mercaptoethanol (Sigma-Aldrich, 
St Louis, MO, USA). Cells were maintained at 37°C in a 5% 
CO2 incubator. To obtain bone-marrow-derived macrophages 
(BMDMs), BM cells were isolated from femurs and tibia of 
6- to 8-week-old female mice. They were then cultured on 
untreated Sterilin dishes (Thermo Fisher Scientific, Waltham, 
MA, USA) (12) for 7 days in cRPMI media containing 20% FBS 
supplemented with 30% L929-conditioned media (L929-cm). 
L929-cm was prepared in our laboratory as described previ-
ously (13). Macrophages were collected on day 7 by gentle 
scraping on ice and their phenotype was confirmed by the 
expression of CD11b, F4/80, CD64, CD16/CD32 and CD115 
using flow cytometry (Supplementary Figure S1, available at 
International Immunology Online). BMDMs used for cell cul-
ture and stimulations were plated at 0.5 × 106 cells ml–1 and 
left to adhere for 3–4 h in cRPMI before stimulation.

Bone-marrow-derived dendritic cells (BMDCs) were pro-
duced by culturing BM cells in cRPMI containing 10% 
FBS with 10 ng ml–1 GM-CSF and 10 ng ml–1 IL-4 (both from 
R&D Systems, Minneapolis, MN, USA) in T-75 vented flasks 
(Corning, NY, USA). On day 3, the supernatant and loosely 
adherent cells were collected, centrifuged and transferred 
into a new flask with fresh media and supplements. Immature 
BMDCs were then collected on day 7 and their phenotype 
confirmed by the expression of CD11c and CD11b using flow 
cytometry.

Peritoneal macrophages were obtained by lavage with ice-
cold PBS immediately following euthanasia. They were seeded 
onto plates according to the number of live F4/80hiCD11bhi 
cells calculated by flow cytometry phenotyping and count-
ing using a hemocytometer. Splenic DCs were sorted from 
collagenase-digested spleens using BD FACSAria III or V 
instruments. Briefly, spleens were crushed, re-suspended 
in digestion buffer, consisting of 1 mg ml–1 collagenase IV 
(Sigma-Aldrich, St Louis, MO, USA) and DNase I (50 μg ml–
1) in RPMI media, and incubated at 37°C for 30 min. Cells 
were centrifuged and single-cell suspensions were obtained 
by passing through syringe needle. DCs were sorted as live 
CD11c+MHCII+ cells (F4/80−, CD64−, CD3−, CD19−, Gr-1−).

Flow cytometry
BMDMs, BMDCs, splenic or peritoneal cells were re-sus-
pended in staining buffer, consisting of PBS/2% FBS and 
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incubated with a combination of up to 12 directly con-
jugated antibodies (FITC, PE, PE-Texas-Red, PE-Cy5 or 
PerCP-Cy5.5, PE-Cy7, allophycocyanin, Alexa700, allo-
phycocyanin-Cy7, Pacific Blue, Brilliant Violet 605/650). 
Antibodies were purchased from BD Biosciences (San 
Jose, CA, USA) or eBioscience (San Diego, CA, USA) with 
the exception of PE-Texas Red and Brilliant Violet 605/650 
conjugates, which were from Invitrogen (Life Technologies, 
Carlsbad, CA, USA) and Biolegend (San Diego, CA, USA), 
respectively. DAPI or a live/dead fixable aqua dead-cell 
stain (Molecular probes, Life technologies, Carlsbad, CA, 
USA) were used to gate out dead cells. CFSE was evaluated 
in the FITC channel. Apoptosis was measured using anti-
bodies to Annexin V-allophycocyanin and propidium iodide 
(PI). The staining was performed using the binding buffer 
according to the manufacturer’s instructions (eBioscience, 
San Diego, CA, USA). Where indicated, the absolute cell 
numbers were assessed by adding 25 000 counting beads 
(SPHERO™ AccuCount blank, Spherotech, Lake Forest, IL, 
USA) to each 200 μl of sample. Samples were acquired on 
a BD Fortessa, BD FACSCanto II or BD LSRII flow cytometer 
and analyzed with FlowJo 7.6 for Windows (TreeStar).

Alamar blue cellular viability assay
BMDMs were plated in flat-bottomed 96-well plates at a 
density 5 × 104 cells per well in 100  µl cRPMI. They were 
stimulated overnight (20 h), 6 days or 9 days and then 10 µl 
of Alamar Blue® reagent (Invitrogen, Life Technologies, 
Carlsbad, CA, USA) was added to each well, for 4 h at 37°C. 
Absorbance of the reduced Alamar blue was measured on 
an EnVison plate reader (Perkin Elmer, Waltham, MA, USA) at 
570 nm with reference 600 nm wavelengths. The percentage 
of the reduced Alamar blue was calculated as described 
previously (14).

RNA isolation and RT–PCR
RNA was isolated by TRIzol/chloroform extraction using 
a Qiagen RNeasy Mini purification kit according to the 
manufacturer’s instructions (Qiagen, Venlo, Netherlands). 
Concentration and purity was measured using a Nanodrop 
spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA). cDNA was produced using TaqMan® Reverse 
Transcription Reagents (Applied Biosystems, Waltham, MA, 
USA). Real-time PCR was performed using the iQ SYBR 
Supermix on a iQ5 MyiQ Single Colour Detection System 
(Bio-Rad, Hercules, CA, USA) with the primers listed in 
Supplementary Table 1 (available at International Immunology 
Online).

Cytokine analysis by bead array
Supernatants harvested after overnight treatment (20 h) were 
immediately frozen at −80°C and thawed on the day of the 
assay. The cytokines IL-6, TNF-α and IL-10 were analyzed 
with a FlowCytomix™ Multiplex Immunoassay (eBioscience, 
San Diego, CA, USA) according to the manufacturer’s pro-
tocol. The beads were acquired on a BD FACSCanto II flow 
cytometer and analyzed with the FlowCytomix Pro 3.0 soft-
ware (eBioscience, San Diego, CA, USA).

Phagocytosis
Jurkat cells were washed in plain RPMI 1640 media and re-
suspended at 2 × 107cells per ml. An equal volume of 2.5 µM 
CFSE (Molecular Probes, Life Technologies, Carlsbad, CA, 
USA) in plain RPMI was added to the cells for 10 min in the 
dark. An equal volume of FBS was then added for 1 min to 
stop CFSE labeling and cells were washed three times with 
cRPMI. CFSE-labeled Jurkats (CFSE-apo Jurkat) at a density 
of 2.5 × 106 cells per ml were incubated with 30  µM etopo-
side (Sigma-Aldrich, St Louis, MO, USA) for 18 h to induce 
apoptosis. Cells were washed three times with cRPMI and an 
aliquot was used to assess the extent of apoptosis as previ-
ously described (15).

BMDMs were plated in 12-well plates at 0.5 × 106 cells per 
ml and stimulated with different TLR ligands. After overnight 
(18–22 h) of incubation, supernatants were discarded and 
fresh cRPMI media containing CFSE-apo-Jurkat cells were 
added at a ratio 4:1 (apoptotic cells: macrophages). After 
60 min of incubation at 37°C, phagocytosis was stopped by 
placing the plates on ice. Supernatants were removed and 
cells were collected and stained on ice with specific anti-
bodies. The percentage of CFSE-positive macrophages was 
used as a measure of phagocytosis.

Antigen presentation
Following overnight treatment with TLR ligands, cultured or 
purified macrophages, or DCs were incubated with the indi-
cated concentrations of OVA or OVA peptide 323–339. After 
4 h, the media was replaced with a suspension of CFSE-
stained splenocytes from Rag1−/−/transgenic OT-II mice. OT-II 
splenocytes were added at a ratio of 1:10 for macrophages 
or 1:20 for DCs. After 5  days of incubation, the prolifera-
tion of T cells was assessed by CFSE dilution using flow 
cytometry. When OVA peptide 323–339 was used, the T-cell 
proliferation was assessed after 3  days of incubation with 
CFSE-OTII-splenocytes.

Statistical analysis
Results are expressed as arithmetic means + SEM. Normality 
was tested using the Kolomogorov–Smirnov test and two 
groups were compared with an unpaired two-way Student’s 
t-test, whereas three or more groups were compared with 
a one-way ANOVA followed by Bonferroni’s multiple com-
parisons test. Data that did not pass the normality test were 
analyzed using a non-parametric Mann–Whitney U test or 
Kruskal–Wallis non-parametric ANOVA followed by Dunn’s 
multiple comparison test. For the Alamar blue and T-cell 
proliferation assays, results were first analyzed by two-way 
repeated measures ANOVA. Alamar blue was significant by 
time and by treatment and T-cell proliferation data were sig-
nificant by OVA/peptide concentration and treatment (P val-
ues less than 0.05). Based on this, untreated–treated pairs 
were compared using a paired t-test followed by a multiple 
test correction. Statistical analysis was performed using 
GraphPad Prism 6.0 for Windows (GraphPad Software, San 
Diego, CA, USA). Two-way repeated measures ANOVA was 
carried out using the ez package in the R statistical language 
(version 2.15.2).
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Results

Activation of BMDMs enhances phagocytosis of 
apoptotic cells
Phagocytosis of apoptotic cells and cellular debris constitutes 
a primary role of macrophages. To characterize the effects of 
TLR ligation on this principal macrophage function, we first 
compared Poly I:C (TLR3), LPS (TLR4), R848 (TLR7), CpG 
(TLR9) or IFN-γ on the ability of macrophages to phagocy-
tose apoptotic cells in vitro. Following incubation with CFSE-
labeled apoptotic Jurkat cells, increased phagocytosis was 
observed for all TLR-activated BMDMs, regardless of the stim-
ulatory ligand used (Fig. 1). These results are consistent with 
an earlier report that examined the impact of TLRs 2, 3 and 9 
on the phagocytic clearance of bacteria (16, 17). However, 
we show that this increase in macrophage function is unlikely 
a TLR-specific effect, since treatment with IFN-γ also resulted 
in enhanced phagocytosis (Fig. 1B and C), suggesting it is a 
common characteristic of macrophage activation.

TLR7 and TLR9 ligands down-regulate co-stimulatory 
molecule expression on macrophages
TLR stimulation induces phenotypic maturation of myeloid 
cells, particularly DCs, characterized by the up-regulation 
of co-stimulatory molecules (e.g. MHCII, CD80, CD86) (18, 
19). Therefore, we examined the expression of these cell-sur-
face molecules on BMDMs following overnight exposure to 
the different TLR ligands. Interestingly, incubation with TLR7 
and TLR9 ligands (R848 and CpG) resulted in a significant 
down-regulation of CD86 and MHCII expression (Fig.  2A). 

This was in contrast to TLR3 or TLR4 ligand exposure, which 
resulted in increased expression of both CD86 and MHCII 
or CD86, respectively. CD80 was unaffected by TLR3, 7 or 9 
stimulation but was upregulated following treatment with LPS. 
As expected, overnight exposure of BMDCs from the same 
mice to each of the four TLR ligands resulted in an increase 
in these co-stimulatory molecules (Supplementary Figure S2, 
available at International Immunology Online).

The BMDMs produced by our culture conditions were char-
acterized as Gr-1neg/lowCD64+, suggesting a mature pheno-
type (20) (Supplementary Figure S1, available at International 
Immunology Online). In addition, they expressed CD16/CD32. 
Stimulation with CpG and R848 further lowered the levels of Gr-1 
while increasing CD16/CD32 expression (Fig.  2B). Treatment 
with LPS increased CD16/CD32 expression, whereas Poly I:C 
increased Gr-1 expression. . None of the tested ligands affected 
CD64 expression (Fig. 2B). Rapid CD115 down-regulation by 
LPS and bacterial/CpG DNA has been reported previously 
by Sester and colleagues (21). Our data confirmed this and 
demonstrated that the same effect can be mediated by TLR7 
ligation (Fig. 2C). Additionally, all four TLR ligands increased 
cell-surface expression of CD40, a key co-stimulatory molecule 
that drives the adaptive immune response through interaction 
with antigen-activated CD154+ T cells (22).

TLR7- and TLR9-activated macrophages regulate antigen 
presentation
Since CpG and R848 caused a distinctive down-regulation 
of CD86 and MHCII expression on BMDMs, we examined 
whether this would affect antigen-specific T-cell proliferation. 

Fig. 1. Enhanced phagocytosis of activated BMDMs is not a TLR-specific effect. (A) TLR-stimulated BMDMs were incubated with CFSE-stained 
apoptotic Jurkat cells and gated on CD45+ live cells. An FMO control with unstained Jurkat cells was used to set the phagocytosis gate. 
Percentage of phagocytosis was assessed as percentage of CFSE+ CD11b+ BMDMs: (B) representative plots and (C) quantification of the data. 
Bars represent mean + SEM of data collected from 4 to 11 independent experiments with n = 8–15 per stimulation. P values were calculated 
by one-way ANOVA followed by a multiple comparisons test. ***P < 0.001, ****P < 0.0001 (compared to media). FMO, fluorescence minus one.
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BMDMs were treated with TLR ligands overnight and pulsed 
with the indicated concentrations of OVA. Proliferation of 
B6.OT-II derived, CD4+TCRVα2+ splenic T cells was meas-
ured by CFSE dilution using flow cytometry (Fig. 3A). Despite 
a low percentage of MHCII+ cells (Fig.  2B), BMDMs given 
antigen alone (media) were able to efficiently drive antigen-
specific T-cell proliferation (Fig. 3A and B). When pre-treated 
with either CpG or R848, BMDMs induced significantly less 
T-cell proliferation, particularly at lower OVA concentrations 
(Fig.  3A and B). On the contrary, when BMDMs were pre-
treated with TLR3 ligand Poly I:C, they induced significantly 
more T-cell proliferation compared with untreated cells across 
all the OVA concentrations tested. LPS significantly increased 
T-cell proliferation only at 100 μg ml–1 OVA (Fig. 3B). This effect 
is likely a direct consequence of altered expression of MHCII 
and CD86 (Fig. 2A) and not due to differential regulation of 
antigen processing (proteolysis) induced by TLR ligation. We 
tested the latter by pulsing BMDMs with the dominant immu-
nogenic OVA peptide 323–339, which does not require prote-
olysis, and observed the same TLR-dependent modulation of 

antigen presentation as with full OVA (Supplementary Figure 
S3, available at International Immunology Online).

We then examined the effects of TLR stimulation on antigen 
presentation by resident peritoneal macrophages. Overnight 
treatment of peritoneal macrophages with R848 resulted in 
decreased T-cell proliferation, which was consistent with our 
BMDM data (Fig. 3C). Additionally, the same effect was observed 
with LPS, but not with CpG (Fig. 3C). To show that the observed 
effects of TLR stimulation on T-cell proliferation were macrophage-
specific, we performed the same experiments with BMDCs and 
sorted splenic DCs. As expected, R848 and CpG induced higher 
T-cell proliferation compared with untreated BMDCs (Fig. 3D) or 
splenic DCs (Fig. 3E). LPS and PolyI:C had minimal effects on 
enhancing T-cell proliferation (Fig. 3D, right panel, and 3E).

TLR7 and TLR9 ligands induce long-term survival of 
macrophages
To determine whether the reduction in cell-surface co-stimu-
lation markers and antigen presentation were due to changes 

Fig.  2. TLR7/9 ligands down-regulate co-stimulatory molecules. BMDMs were collected on day 7 and stimulated overnight (18–22 h) with 
TLR ligands. Surface expression of (A) CD86, MHCII, CD80, (B) CD64, Gr-1, CD16/CD32 and (C) CD115 and CD40 was measured by flow 
cytometry on CD45+, live, CD11b+CD64+ macrophages. Bars represent mean + SEM obtained from at least three independent experiments 
with minimum n = 10 per condition. P values were calculated by one-way ANOVA followed by a multiple comparisons test. *P < 0.05, **P< 0.01, 
***P < 0.001, ****P < 0.0001 (compared to media).
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in cell viability, we assessed apoptosis in TLR ligand-treated 
macrophages for up to 9 days using two different methods. 
We initially used Annexin V (AnnV) and PI staining with flow 
cytometry (Fig. 4A). This is an established method that can 
define early (PI−AnnV+) and late (PI+AnnV+) apoptotic cells 
and necrosis (PI+AnnV−). We determined that overnight (20 h) 
incubation of BMDM with TLR 4, 7 or 9 ligands significantly 
increased cell survival by reducing apoptosis (Fig.  4A and 
B). Additionally, CpG stimulation increased the total cell num-
ber (Fig.  4C). The increase in cell survival by TLR4, 7 and 
9 ligands after overnight stimulation was confirmed using 
Alamar Blue (Fig. 4D). This is a non-toxic dye that is chemi-
cally reduced by the innate metabolic activity of cells into a 
colorimetric indicator. It is added directly to the cells in cul-
ture, avoiding cell scraping or other methods for detachment, 
which can cause severe damage to the cells. This method 
enabled assessment of macrophage viability in vitro for up 
to 9 days (Fig. 4E). Both CpG and R848 treatment resulted 

in statistically more viable and metabolically active mac-
rophages during this time, comparable to day 1. While LPS 
reduced cell death, stimulation of TLR3 had no effect on cell 
survival (Fig.  4B–D). These results are supported by previ-
ous studies indicating that LPS or CpG can induce short-term 
(48 h) survival of macrophages (21, 23, 24).

TLR9 and TLR4 differentially regulate late-phase gene 
expression in BMDMs
In light of the differential effect of TLR ligands on macrophage 
survival, we next analyzed BMDM cytokine production and 
their polarization. Macrophages produce several cytokines 
in response to microbial challenge, including TNF-α, IL-6 
and IL-10. Our analyses of supernatants from overnight 
BMDM cultures showed that these were all produced in 
response to LPS, R848 and CpG (Fig. 5A). However, expo-
sure to Poly I:C did not induce the release of any of these 
cytokines.

Fig. 3. TLR7/9 ligands differentially regulate T-cell proliferation in macrophages and DCs. CFSE-stained OT-II splenocytes were co-cultured 
in the presence of OVA-pulsed APCs and T-cell proliferation was assessed by CFSE dilution displayed by live, CD45+CD4+TCRVα2+ T cells. 
(A) Representative flow cytometry plots of CD4+TCRVα2+ T-cell proliferation following co-culture with BMDMs pulsed with 10 µg ml–1 OVA. (B) 
Cumulative data of BMDMs pulsed with increasing concentrations of OVA. (C) Resting peritoneal macrophages pulsed with 30 μg ml–1 OVA. 
(D) BMDCs pulsed with increasing concentrations of OVA. (E) Splenic CD11c+MHCII+ DCs pulsed with 10 μg ml–1 OVA. Data shown for BMDMs 
and BMDCs are combined from two independent experiments, with total n = 5 for BMDMs and n = 7 for BMDCs. Data were first analyzed by 
two-way repeated measures ANOVA, followed by t-test for treated–untreated pairs. The P values were subsequently corrected for multiple tests 
and ranked using a Benjamini-Hockberg correction. Data shown in (C) and (E) are from three independent experiments with total n = 5–6 per 
condition. Significance was assessed by a two-way ANOVA followed by a multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001 (com-
pared to media).
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We then went on to evaluate whether the TLR ligands dif-
ferentially affected the expression of macrophage polariza-
tion-related cytokine genes: Il-10 and Il-12p40 (7). RNA was 
isolated from BMDMs incubated with media, CpG, R848, 
LPS or Poly I:C for 4 and 24 h and analyzed by RT–PCR. 
Short-term (4 h) exposure to CpG, R848 and LPS resulted in 
a similar activation profile characterized by the induction of 
both M1/M2-related genes Il-12p40 and Il-10, while Poly I:C 
did not significantly affect their expression (Fig. 5B). In con-
trast, incubation for a longer period of time (24 h) revealed 
TLR-specific differences in the IL-12/IL-10 gene expression 
profiles. Both CpG and R848 retained relatively high Il-10 
transcription levels at 24 h (Fig. 5B, right panel), resulting in 
a significantly lower ratio of Il-12/Il-10 mRNA compared with 
LPS (Fig. 5C). These data suggest that CpG and R848 may 
drive the macrophages to an M2-like state (IL-12lo/IL-10hi) in 
the later phase of activation.

Discussion

In these studies, we compare the different effects of com-
monly used ligands across several macrophage functions. 
We have created a reference point for future studies examin-
ing the innate mechanisms of macrophages. Furthermore, we 
have shown that in contrast to the effects of TLR4 and TLR3 
ligands, TLR7 or TLR9 ligation results in a long-lived mac-
rophage with heightened phagocytic ability and a decreased 
capability of antigen presentation (Table 1). This state may 
have evolved to protect the host from self-reactivity to nucleic 
acids from dead cells ingested by macrophages.

The extended life span of macrophages for 9 days following 
TLR7/9 ligand treatment has not been described previously. 
However, it is supported by data showing that short-term 
(48 h) exposure of macrophages to LPS or CpG prolongs 
cell survival (21, 23, 24). Interestingly, we show Poly I:C 
had no effect on the viability of these cells. This heightened 

Fig. 4. TLR7 and TLR9 ligands induce long-term macrophage survival. BMDMs were collected on day 7 and stimulated overnight (18–22 h) 
with TLR ligands. (A) Macrophages were selected by gating on CD45+CD11b+ cells and then analyzed for PI and Annexin V staining. Left panel 
shows dot plots from a representative experiment. Right panel shows the collated data from two independent experiments (mean +SEM), total 
n = 6. (B) Percentage of live cells excluding PI (PI−) and (C) absolute cell numbers measured by flow cytometry of macrophages with added 
counting beads. (D) Cell viability assessed by Alamar blue reduction. For (B–D) data from three to four independent experiments are shown 
(mean + SEM) and P values were calculated by one-way ANOVA followed by a multiple comparison test. (E) Long-term effects of TLR stimu-
lation (overnight, 6 days, 9 days) on macrophage viability assessed by Alamar blue reduction. Data from four independent experiments are 
shown (total n = 8). Data were first analyzed by a two-way repeated measures ANOVA, followed by t-test for treated–untreated pairs. P values 
underwent multiple test correction. *P < 0.05, **P< 0.01, ***P < 0.001, ****P< 0.0001 (compared to media). FMO, fluorescence minus one.
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longevity may have important consequences in light of mac-
rophage ability to down-regulate antigen presentation. In 
contrast to DCs, which up-regulate co-stimulation molecules 
on TLR-induced maturation (18, 19, 25), macrophages are 

more plastic in their responses and the level of up-regula-
tion of co-stimulatory molecules depends upon the type of 
activation. LPS stimulation results in an up-regulation of co-
stimulatory molecule expression on BMDMs and RAW264.7 

Fig. 5. LPS and CpG/R848 differentially activate macrophages after prolonged exposure. BMDMs were collected on day 7 and incubated with 
TLR ligands. (A) Levels of TNF-α, IL-6 and IL-10 in 20 h supernatants. (B) RNA was isolated after 4 h and 24 h of incubation with TLR ligands. 
Expression of polarization genes Il-12p40 and Il-10 was measured by real-time PCR and normalized to β-actin expression (×103). (C) Il-12/
Il-10 mRNA ratios at 24 h. Bars represent mean + SEM from one representative experiment (n = 5) for cytokines and from two independent 
experiments (total n = 9) for mRNA. P values were calculated by one-way ANOVA or Kruskal–Wallis test followed by a multiple correction test. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared to media). # indicates P values calculated by an unpaired t-test or Mann–Whitney 
test between pairs of unstimulated (media) and CpG stimulated in (A) and between R848 and LPS stimulated in (C); #P < 0.05, ##P < 0.01, 
###P < 0.001.

Table 1. Summary of effects of TLR stimulation on BMDMs

TLR7 TLR9 TLR4 TLR3

Location Endosomal Endosomal Surface Endosomal
Signaling MyD88 MyD88 MyD88/TRIF TRIF
Effects on BMDMs
 Survival ↑ ↑ ↑ Unchanged
 Phagocytosis ↑ ↑ ↑ ↑
 Co-stimulatory molecules ↓MHCII, ↓CD86, ↑CD40 ↓MHCII, ↓CD86, ↑CD40 ↑CD86, ↑CD80, ↑CD40 ↑CD86, ↑MHCII, ↑CD40
 Antigen presentation ↓ ↓ ↑ ↑
 Cytokine production ↑TNFα, ↑IL-6, ↑IL-10 ↑TNFα, ↑IL-6, ↑IL-10 ↑TNFα, ↑IL-6, ↑IL-10 Unchanged
 IL-12/IL-10 ratio ↓ ↓ Unchanged ND

↑, increased; ↓, decreased; ND, not defined.
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macrophages, including MHCII, CD80, CD86 and CD40 (26, 
27). We have additionally shown that Poly I:C induced CD86, 
MHCII and CD40 on BMDMs. In contrast, TLR7 or TLR9 stim-
ulation decreased CD86 and MHCII expression.

Although previous data have shown that IL-10 can down-
regulate MHCII expression and antigen presentation (28), it is 
unlikely to be the sole contributor, since CpG, R848 and LPS 
all induced similar IL-10 levels following overnight incubation. 
Indeed, the decrease in co-stimulatory molecule expression 
that we observed following TLR7 or TLR9 ligation correlated 
with lower antigen presentation and T-cell proliferation in 
BMDMs. This mechanism might have a regulatory/protective 
role in autoimmunity, where enhanced antigen presentation 
can breach tolerance (29).

Long-term survival, decreased antigen presentation and 
an overall suppressive response are reminiscent of M2-like 
macrophages (30). Therefore, we ascertained if these effects 
were a reflection of the polarization state by assessing RNA 
levels of genes connected with macrophage profiling. We 
established that short-term (4 h) exposure to CpG, R848 or 
LPS increased transcription of M1/M2-associated genes 
(Il-12p40 and Il-10). However, at 24 h post-CpG or R848 stim-
ulation, we detected a preferential skewing toward an M2-like 
state, defined by a lower ratio of Il-12/Il-10 compared with 
LPS. This distinctive profile and increase in long-term sur-
vival is consistent with a bimodal pattern of gene regulation 
observed after in vitro treatment and in vivo administration of 
CpG (31, 32). The initial peak (2–4 h post-CpG) is character-
ized by a rapid up-regulation of genes associated with the 
activation of the immune system, such as NF-κB and TNF, 
followed by induction of the regulatory gene, Myc at 8 h (31, 
32). Subsequently, 5 days post-CpG administration, an up-
regulation of genes associated with cell-cycle regulation and 
DNA damage responses are detected (32).

The macrophage polarization state dictates the ability to 
phagocytize pathogens. IFN-γ-induced M1 macrophages 
possess an increased ability to phagocytize Candida albi-
cans (33), whereas IL-4-induced M2 macrophages have 
been shown to increase the uptake of parasites (34) while 
decreasing the phagocytosis of bacteria (35). In contrast 
to these findings, our studies do not support a difference in 
apoptotic cell uptake due to polarization state, but demon-
strate simply that activation enhances phagocytosis.

In our studies, we chose to compare BM-derived cells to 
minimize the effects of unknown in vivo factors. The analy-
sis of ex vivo naive peritoneal macrophages showed similar 
effects; however, in these cells, exposure to LPS also caused 
a reduction in T-cell proliferation. This is consistent with a pre-
vious study, where both CpG and LPS down-regulated MHCII 
expression in Con A-elicited peritoneal macrophages (36). It 
is possible that at different tissues or inflammatory sites, mac-
rophages may respond to environmental signals in different 
ways. Two recent studies showed that thioglycollate-induced 
peritoneal macrophages are markedly different from naive 
resident macrophages and infection-elicited macrophages 
(37) and that tissue-resident macrophages respond differ-
ently to environmental challenges compared with monocyte-
derived macrophages (38). This is consistent with emerging 
evidence showing that monocytes and macrophages have 
differences in their ontogeny and homeostasis [reviewed in 

(39)]. Tissue-resident macrophages play an important home-
ostatic role, including scavenging and the removal of cellu-
lar debris with intrinsically anti-inflammatory properties (40). 
Thus, they require protective mechanisms to prevent presen-
tation of self-antigens from ingested dead cells. We suggest 
that TLR7/9-mediated stimulation with self-ligands may func-
tion as such a protective mechanism.

In summary, we have determined that TLR7/TLR9 ligands 
drive the macrophage into a phagocytic, long-lived state, with 
a decreased capacity for antigen presentation. Functionally, 
these cells resemble M2-like macrophages, which arise from 
immunosuppressive microenvironments. These observations 
have important consequences for homeostasis and the pre-
vention of self-reactivity and tolerance.
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