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A B S T R A C T

Systematic Lupus Erythematosus (SLE) is an autoimmune syndrome of unclear etiology. While T and B cell
abnormalities contribute to disease pathogenesis, recent work suggests that inflammatory M1-like macrophages
also play a role. Previous work showed that the TLR2/1 agonist PAM3CSK4 (PAM3) could stimulate normal
human monocytes to preferentially differentiate into immunosuppressive M2-like rather than inflammatory M1-
like macrophages. This raised the possibility of PAM3 being used to normalize the M1:M2 ratio in SLE.
Consistent with that possibility, monocytes from lupus patients differentiated into M2-like macrophages when
treated with PAM3 in vitro. Furthermore, lupus-prone NZB x NZW F1 mice responded similarly to weekly PAM3
treatment. Normalization of the M2 macrophage frequency was associated with delayed disease progression,
decreased autoantibody and inflammatory cytokine synthesis, reduced proteinuria and prolonged survival in
NZB x NZW F1 mice. The ability of PAM3 to bias monocyte differentiation in favor of immunosuppressive
macrophages may represent a novel approach to the therapy of SLE.

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune syndrome
characterized by periods of intense inflammation affecting multiple
organ systems (most notably the kidneys, skin and CNS) in association
with the production of autoantibodies targeting nucleic acids and pro-
teins that bind to nucleic acids [1,2]. Lupus is a multifactorial disease
whose onset and severity are influenced by both genetic and environ-
mental factors. Current treatments include antimalarials, corticoster-
oids and various immunosuppressive drugs [3]. These are largely but
not universally effective at controlling disease flares and their pro-
longed use has undesirable side effects. The development and testing of
novel therapies for lupus is facilitated by the availability of spontaneous
murine models of the disease. In particular, NZB x NZW F1 mice
(hereafter NZB/W) develop lupus-like disease whose symptoms and
gender bias are similar to those seen in humans [4,5]. The immune
abnormalities manifested by female NZB/W mice also mimic those of
lupus patients including autoantibody production, lymphocyte activa-
tion and changes in monocyte/macrophage frequency [6].

Monocytes constitute 5–10% of peripheral blood leukocytes and

function to protect the host from infection by differentiating into macro-
phages and dendritic cells [7]. Monocytes are typically classified into 3
subtypes based on their phenotype and function. Those that express CD14
but not CD16 are termed ‘classical’ monocytes. These are phagocytic but do
not support inflammatory responses. ‘Non-classical’ monocytes express a
CD14lowCD16+ phenotype and are inflammatory. An ‘intermediate’ or
transitional monocyte population also exists that is CD14+CD16+ and has
both phagocytic and inflammatory properties [7]. In response to stimula-
tion, monocytes differentiate into macrophages with diverse phenotypes
and functions. These range from ‘classical’ pro-inflammatory M1-like mac-
rophages that protect the host from infection to ‘alternatively activated’ M2-
like macrophages that are immunosuppressive, support tissue remodeling,
and phagocytose apoptotic cells [8–10].

Recent studies suggest that monocytes and macrophages can contribute
to the pathogenesis of SLE. Indeed, lupus flares are associated with a relative
increase in the frequency of M1 vs M2 macrophages [11]. The frequency of
inflammatory monocytes is also elevated in SLE patients and the con-
centration of serum cytokines that promote macrophage differentiation
(such as CSF-1 and MCP-1) correlates with disease severity [12]. Normal-
izing the M1:M2 ratio by adoptive transfer of M2 macrophages is of benefit

https://doi.org/10.1016/j.jaut.2019.01.004
Received 13 November 2018; Received in revised form 16 January 2019; Accepted 17 January 2019

∗ Corresponding author. Bldg 567, Rm 205 NCI in Frederick, Frederick, MD 21702, USA.
E-mail address: klinmand@mail.nih.gov (D.M. Klinman).

1 These authors contributed equally to this work.

Journal of Autoimmunity 99 (2019) 24–32

Available online 22 January 2019
0896-8411/ Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2019.01.004
https://doi.org/10.1016/j.jaut.2019.01.004
mailto:klinmand@mail.nih.gov
https://doi.org/10.1016/j.jaut.2019.01.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2019.01.004&domain=pdf


in the treatment of murine lupus [13]. Hence, efforts to increase the fre-
quency of immunosuppressive M2-like macrophages represents a poten-
tially useful strategy for the treatment of SLE.

Our lab previously showed that the TLR2/1 agonist PAM3 was un-
ique among TLR ligands in promoting the generation of M2-like mac-
rophages from normal human monocytes [14,15]. This work extends
those findings to show that PAM3 similarly induces monocytes from
lupus patients to preferentially differentiate into M2-like macrophages.
Weekly in vivo treatment of female NZB/W mice with PAM3 normalized
the M1:M2 ratio in those animals. Treatment was accompanied by
immunologic changes including a reduction in IgG anti-DNA autoAb
and inflammatory cytokine levels and clinically by decreased protei-
nuria and prolonged survival. The ability of PAM3 to preferentially
support the generation of immunosuppressive M2 rather than in-
flammatory M1 macrophages represents a novel approach to the
therapy of SLE.

2. Materials & methods

2.1. Isolation and differentiation of human monocytes

Blood was obtained from SLE patients and healthy volunteers after
obtaining IRB-approved written consent (NIDDK/NIAMS IRB, Bethesda,
MD). PBMC were isolated by density centrifugation over Histopaque-
1077 (Millipore Sigma, Merck) at 400 g for 30min. Monocytes were
sorted using human CD14 Microbeads (MACS, Miltenyi Biotec) ac-
cording to the manufacturers’ protocol. Briefly, 20 μl of CD14 mi-
crobeads were added to 107 cells suspended in 80 μl of MACS buffer.
After 15min incubation in the dark at 4 °C cells were washed, re-
suspended in 500 μl of MACS buffer and loaded onto magnetized LS
columns. The columns were extensively washed and CD14+ cells col-
lected by removing the magnet and flushing with 5ml of MACS buffer.

105 purified monocytes/well were seeded into 96-well flat bottom
plates (Corning) and stimulated for 5 days at 37 °C with 1 μg/ml
PAM3CSK4 (PAM3) (Invivogen), 250 ng/ml MCSF (Miltenyi Biotec),
250 ng/ml IFNγ (Miltenyi Biotec) or 1 μl/ml R848 (Invivogen). Previous
studies established that these were the optimally stimulatory con-
centrations of each agent ([14,15] and data not shown). Cells were
maintained in medium consisting of RPMI 1640 (Lonza) supplemented
with 2% heat-inactivated fetal calf serum 25 nmol/L HEPES, 1mmol/L
sodium pyruvate, non-essential amino acids (NEAAs) and 0.0035% 2-
mercaptoethanol (2-ME).

2.2. In vivo experiments

Female Balb/C, Female NZB and male NZW mice purchased from
The Jackson Laboratory (Bar Harbour, ME) were bred. Female NZB/W
F1 offspring were housed under pathogen-free conditions in the NCI
animal facility. All experiments were reviewed and approved by the
NCI Animal Care and Use Committee. Lupus-prone NZB/W mice were
injected weekly with 100 μg of PAM3 (Invivogen) i.p. starting early
(7 wk of age) or late (13 wk).

The protein content of early morning urine was monitored using
Albustix test strips (Siemens Heathineers). BUN and creatinine levels
were measured in serum of 6 month old mice by ELISA (Bioassay sys-
tems and Thermofischer, respectively) according to the manufacturers’
protocol.

Two long term studies were performed in NZB/W mice. In the first,
5 mice/group were treated with PAM3 starting at either 7 or 13 weeks
of age. Surviving mice were sacrificed at 6 months of age to assess the
phenotype of macrophages and cytokine production. In the second
experiment, 6 mice/group were treated as described above and survival
monitored through 45 weeks. An excess of controls (NZB/W mice
treated with PBS group) were included in these experiments. Survival
was monitored until 45 weeks of age. Mice were sacrificed only when
deemed in extremis by veterinary staff.

Single cell suspensions were prepared from peritoneal and spleen
cells of sacrificed mice and cultured in medium consisting of RPMI 1640
(Lonza) supplemented with 5% heat-inactivated fetal calf serum, 100
U/ml penicillin, 100mg/ml streptomycin 25 nmol/L HEPES, 1mmol/L
sodium pyruvate, NEAAs and 0.0035% 2-ME. Mice were bled to obtain
sera for the evaluation of cytokine and auto-antibody levels.

2.3. Kidney histology

Kidney damage was evaluated in 2–3 μm formalin fixed paraffin
embedded sections using Periodic Acid Shiff (PAS) and Masson tri-
chrome staining. Pathological changes evaluated included glomerular
activity (i.e., glomerular proliferation, karyorrhexis/fibrinoid necrosis,
cellular crescents and hyaline deposits), tubulointerstitial activity (i.e.,
tubular dilatation and interstitial inflammation) and chronicity of the
lesions (i.e., glomerulosclerosis, tubular atrophy, interstitial fibrosis) as
previously reported [16]. Glomerular activity was evaluated on 30
glomeruli/sample and scored using 0–3 scale in which 0=no lesions,
1= lesions in< 25% of glomeruli, 2= lesions in 25–50% of glomeruli
and 3= lesions in> 50% of glomeruli. Tubular activity and chronicity
indices were based on a 0–4 scale as 0=no lesions, 1= lesions in
1–10%, 2=11–25%, 3=>25–50% and 4=>50%. Glomerulone-
phritis was calculated using the mean scores for each pathological
feature. The infiltration of M2 macrophages into these kidneys was
determined by immunohistochemical staining of formalin fixed sections
stained with antibodies specific for F4/80 and CD206.

2.4. Flow cytometry

Human cells were stained with fluorochrome-conjugated Abs spe-
cific for human CD16, 25F9 (eBioscience), CD163, CD40 and/or CD14
(Biolegend) for 20min in PBS – 2% BSA on ice. Murine cells were first
incubated with Fc Block (Biolegend) for 15min and then stained with
fluorochrome conjugated Abs specific for murine CD45, CD11b, F480
and CD206 under the same conditions. Stained cells were washed and
fixed with Fix & Perm Medium A (Invitrogen).

To detect intracellular IL-12, cells were cultured overnight with a 1:
1000 dilution of GolgiPlug (BD Biosciences), stained in Fix & Perm
Medium B for 20min with fluorochrome-conjugated anti-IL-12
(BDBiosciences). All stained cells were washed, re-suspended in PBS -
2% BSA and analyzed using an LSR Fortessa (BD Biosciences).

2.5. Endocytosis assay

Human macrophages that were stimulated for 5 days, were then
incubated with 25 μg/ml of pH-Rodo Zymosan (Invitrogen) particles or
medium (as background control) for 45min at 37 °C. Cells were then
washed and stained with 25F9 and CD163. Uptake was calculated by
subtracting background from pH-Rodo Zymosan levels determined by
LSR Fortessa.

2.6. ELISA

Immunol 2HB-microtiter plates were coated with human anti-TNFα
(R&D Systems), mouse anti-IL12 (BD Biosciences), mouse anti-TNFα (R
&D Systems) or mouse anti-IL-10 (R&D Systems) and then blocked with
2% BSA-PBS for 2 h. After washing, culture supernatants or serially
diluted sera were added overnight at 4 °C. Plates were washed, in-
cubated with biotin-labeled secondary Ab and developed by adding
phosphatase-conjugated streptavidin (AKP) followed by p-nitrophenyl
phosphatase (pNPP) substrate (Southern Biotech). Optical density was
measured using a SpectraMax M5 microplate Reader and SoftMax Pro
Acquisition and Analysis software (Molecular Devices).

IgG anti-dsDNA was detected by coating Immunol 2HB-microtiter
plates with 4 μg/ml of CT-DNA (Sigma) in DNA binding solution
(Abcam) for 4 h. The plates were blocked with 2% BSA-PBS and
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incubated with diluted mouse serum as above. Bound Ab was detected
with biotin labeled IgG (Invitrogen) followed by phosphate-conjugated
streptavidin and pNPP substrate.

2.7. Statistical analysis

Statistical analysis was done using 2-tailed unpaired Student t-tests
or Dunnett corrected One-way ANOVA multiple comparison tests
(GraphPad Software Inc.).

3. Results

3.1. Frequency of inflammatory monocytes in lupus patients

Human monocytes are conventionally classified into 3 subsets based
on their activity and phenotype (see Introduction). The literature in-
dicates that an imbalance in the relative frequency of monocyte sub-
populations supports the development and persistence of autoimmune
disease [6]. To clarify the role of monocytes in patients with SLE, PBMC
from patients with both active and inactive disease (Table 1) were ex-
amined. Consistent with previous reports, the absolute number of
monocytes in the peripheral blood of patients did not differ from
normal controls [6] although the frequency of inflammatory monocytes
(intermediate and non-classical) was significantly elevated in SLE pa-
tients (Fig. 1A and B). The frequency of inflammatory versus classical
monocytes did not differ between patients with active versus inactive
lupus (Supplemental Fig. 1).

3.2. PAM3 induces lupus monocytes to preferentially mature into
phenotypically M2-like macrophages

Human monocytes can be stimulated to differentiate into macro-
phages that vary in both phenotype and function depending upon the
nature of the stimulus [8,17]. While the best way to categorize these
different types of macrophages remains controversial, for simplicity the
scheme originally developed to describe murine macrophages will be
used in this work [18]. Macrophages that are pro-inflammatory, pro-
mote Th1 responses and/or support anti-tumor immunity will be re-
ferred to as classically activated “M1-like” whereas those that down-
modulate over-exuberant inflammatory responses, clear apoptotic cells
and/or support tissue remodeling will be referred to as alternatively
activated “M2-like” [19].

Previous studies showed that normal human monocytes pre-
ferentially matured into M1-like macrophages when stimulated by most

TLR agonists [8,20]. The one exception to this rule was PAM3 which
uniquely triggered human monocytes to mature into im-
munosuppressive M2-like macrophages [14,15]. Given the excess of
inflammatory monocytes detected in the blood of lupus patients cou-
pled with evidence from lupus-prone mice that boosting the frequency
of M2 macrophages can reduce disease severity [13,21], experiments
were undertaken to determine whether PAM3 could stimulate mono-
cytes from lupus patients to mature into M2-like macrophages.

Preliminary experiments identified the optimal conditions for trig-
gering the differentiation of freshly isolated human monocytes ([14,15]
and data not shown). The maturation process was characterized by
acquisition of 25F9, a surface marker uniquely expressed by mature
human macrophage [22]. Consistent with earlier studies of normal
human donors, monocytes from lupus patients preferentially differ-
entiated into 25F9+ macrophages when cultured with PAM3
(p < .001, Fig. 2 A, B). Other agents that support the generation of M2-
like (MCSF) or M1-like (IFNγ or R848) macrophages were included as
controls [14]. The majority of macrophages generated by PAM3 and
MCSF expressed an M2-like phenotype characterized by the up-reg-
ulation of CD163 (a scavenger receptor preferentially expressed by M2-
like macrophage) as well as 25F9 (p.< 0.01, Fig. 2A–D). In contrast,
the macrophages generated by R848 and IFNγ predominantly expressed
the M1-like CD163- 25F9+ phenotype (p.< 0.05, Fig. 2A–D). There
was no difference in the response of monocytes isolated from lupus
patients vs normal controls in their response to PAM3, MCSF, R848 or
IFNγ. As previously reported, M1-like macrophages also selectively up-
regulated the co-stimulatory molecule CD40 (p < .001, Fig. 2E) [23].
It is noteworthy that although unstimulated monocytes generally die
during in vitro culture, those from lupus patients survived 3-fold better
and these preferentially differentiated into M1-like macrophages
(p= .031, Fig. 2C and data not shown).

Table 1
Characteristics of SLE patients.

Number of patients 35
Age 46 ± 13
Gender (N and %)
Female 32 (91%)
Male 3 (9%)

SLEDAI-2K
<6 30 (85%)
>6 5 (15%)

Medications
HCQ 27 (77%)
Prednisone 26 (74%)
AZA 7 (20%)
MMF 9 (26%)

The SLEDAI-2K scoring system was used to evaluate
disease severity. Those with scores> 6 were considered
to have active disease [60,61]. Medications included
HCQ (hydroxychloroquine), AZA (azathioprine), and
MMF (mycophenolate mofetil).

Fig. 1. Characterization of monocytes from patients with SLE. Data show A)
the percent of monocytes in PBMC and B) the percent of each monocyte sub-
population in samples from 24 lupus patients and 10 healthy controls.
*p < .05; **p < .01; ***p < .001.
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3.3. PAM3 treatment induces lupus monocytes to preferentially mature into
functionally M2-like macrophages

An important feature of M2-like macrophages is their ability to
endocytose apoptotic debris [10]. Indeed, defective dead cell clearance
reportedly contributes to the inflammation and autoAb production
characteristic of lupus patients [24–27]. The ability of PAM3 to gen-
erate macrophage with endocytic activity was therefore evaluated.
Results show that lupus monocytes treated with PAM3 acquired en-
docytic activity (reflected by their ability to internalize zymosan par-
ticles) whereas those treated with M1 stimuli did not (Fig. 3A). This
mirrored the effect of PAM3 on monocytes from normal volunteers. In
both lupus patients and controls, this gain in function correlated with
increased expression of CD163 by PAM3 treated monocytes (R2= 0.92,
Fig. 3B).

The production of pro-inflammatory cytokines such as TNFα and IL-
12 is characteristic of inflammatory M1-like macrophages [8,28]. The
production of these cytokines reportedly worsens disease in lupus pa-
tients [29]. The effect of PAM3 on cytokine production was monitored.
As expected, macrophage generated by treatment with M1 stimuli se-
creted large amounts of TNFα and gained the ability to produce IL-12.
Those cultured with PAM3 showed no increase in the production of
those cytokines when compared to unstimulated controls (Fig. 3C, D).
However, they did acquire the ability to produce the im-
munosuppressive cytokine IL-10 (Fig. 3E). In toto, these findings

support the possibility that PAM3 might be useful for generating M2-
like macrophages for the treatment of SLE. As a precursor to human
clinical evaluation, studies were initiated to examine the effect of PAM3
in a relevant murine model.

3.4. The imbalance of M1:M2 macrophages in lupus-prone NZB/W mice is
normalized by treatment with PAM3

Initial experiments examined whether administering PAM3 to fe-
male NZB/W mice (a widely accepted model of human lupus) elicited
the same alteration in macrophage phenotype in vivo as was observed
using human cells in vitro. Towards that end, mice were injected weekly
with 100 μg of PAM3 i.p., a schedule and dose previously reported to be
effective in the treatment of allergic asthma and cardiac dysfunction
[30–32]. Therapy was initiated at either 7 or 13wk of age, timepoints
that were either before or after the onset of detectable kidney damage
(increased proteinuria) [33].

To monitor the effect of treatment on the M1:M2 ratio, macrophages
were obtained from the peritoneal cavity of 6 month old mice. Murine
macrophages were identified by their expression of the F480 surface
marker and M2 macrophages by the co-expression of the CD206 man-
nose receptor [22,34]. The ratio of M1:M2 macrophage was sig-
nificantly elevated in untreated NZB/W mice when compared to control
BALB/c mice (Fig. 4). This is consistent with previous reports showing
that disease in NZB/W mice is worsen by an excess of inflammatory

Fig. 2. Effect of PAM3 on the phenotype of lupus monocytes. Monocytes were MACS purified from the peripheral blood of lupus patients and normal controls and
stimulated in vitro for 5 days with optimal concentrations of PAM3, M-CSF, IFNγ or R848. A) Representative histogram showing the expression of 25F9 and CD163 by
cultured cells. Note that< 1% of purified monocytes expressed either marker before being placed in culture (day 0). B) Percent of cultured cells that acquired 25F9
expression, C) percent of 25F9+ cells that co-expressed the CD163 M2-like macrophage marker and D) ratio of CD163+25F9+: CD163-25F9+ cells. E) Mean
fluorescence intensity of CD40 expression. Data derive from independent studies of 23 lupus samples (solid bars) and 9 normal controls (open bars) where R848 or
IFNγ were used as the M1 stimuli. **p < .01; ***p < .001; ****p < .0001 compared to unstimulated cells from the same donors, whereas ++++ p < .0001
compared to Day 0.

B. Horuluoglu et al. Journal of Autoimmunity 99 (2019) 24–32

27



macrophages [35]. The M1:M2 ratio was normalized in adult mice
following PAM3 treatment starting at either 7 or 13 weeks of age
(p.< 0.01 for the early and<0.05 for the late treatment group).

3.5. Effect of PAM3 treatment on the immune milieu of NZB/W mice

Additional immune manifestations of lupus in NZB/W mice in-
cluded the production of autoAbs and inflammatory cytokines [5].
Consistent with the hypothesis that PAM3 might be useful in the
treatment of SLE, serum IgG anti-DNA autoAb levels were 3–4 fold
lower in the PAM3 vs PBS treated groups (p. < 0.04 and < 0.01 in the
early and late treatment groups respectively, Fig. 5A). This was ac-
companied by a significant decline in serum IL-12 levels and the
amount of TNFα produced by spleen cell cultures (p < .001, Fig. 5 B,
C). Conversely, splenocytes from mice treated from 7 wk of age with
PAM3 produced significantly more IL-10 (an immunosuppressive cy-
tokine derived from M2 macrophages) than did untreated controls
(p < .01, Fig. 5D). Spleen cells from mice whose treatment was de-
layed until wk 13 also produced more IL-10 but this effect did not reach
statistical significance.

3.6. Clinical effect of PAM3 treatment

The effect of PAM3 treatment initiated either before or after the
onset of proteinuria was monitored in two independent experiments.
PAM3 reduced proteinuria in both experiments and both groups
(p < .005 in the early and< 0.01 in the late treatment groups,

Fig. 3. Effect of PAM3 on the function of lupus monocytes. MACS purified monocytes were cultured as described in Fig. 2. A) The uptake of zymosan-labeled
particles after 5 days of culture (N = 17 lupus samples and 6 controls). B) Correlation between the expression of CD163 and uptake of zymosan particles. C)
Concentration of TNFα in culture supernatants. D) Percent of cultured cells staining for intracytoplasmic IL-12. E) Concentration of IL-10 in culture supernatants
(N = 12 lupus samples and controls). **p < .01; ***p < .001; ****p < .0001 compared unstimulated cells from the same donors.

Fig. 4. Effect of PAM3 treatment on the M1:M2 ratio of NZB/W mice.
Female NZB/W mice were treated weekly with 100 μg of PAM3 starting either
early (7 wk) or late (13 wk). Controls included littermates treated with PBS and
normal (BALB/c) mice. The M1:M2 ratio was calculated based on the ratio of
CD206-:CD206+ F480+ macrophages collected from the peritoneal cavity at 6
months of age. N = 5 NZB/W mice/group, N = 2 BALB/c controls. *p < .05;
**p < .01; ***p < .001 for PAM3 vs PBS treated NZB/W mice.
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Fig. 6A). It also normalized the BUN:creatinine ratio that reached ab-
normally high levels as glomerulonephritis developed in control NZB/
W mice (Fig. 6B).

The natural history of disease was examined by monitoring kidney
histology and animal survival. Immunohistochemical staining of kid-
neys from control NZB/W mice showed that number of CD206+ M2
macrophages remained low as disease progressed (Fig. 7A and B). By
comparison, the number of M2 macrophages in the kidneys of PAM3
treated mice increased over time consistent with the normalization of
M1:M2 ratio observed in Fig. 4. Histological analysis of these kidneys
confirmed that glomerular and tubular infiltration by inflammatory
cells was delayed by PAM3 treatment (Fig. 7C–G). Of greatest import,
PAM3 treatment significantly prolonged survival, with> 60% of mice
whose treatment starting at 7 wk of age surviving through 11 months of
age vs 5% in the control group (p= .0037, Fig. 8). Late initiation of
therapy was less effective at slowing disease progression.

4. Discussion

This work establishes that the TLR 2/1 agonist PAM3 induces
monocytes from lupus patients to preferentially differentiate into M2-
like macrophages capable of suppressing autoimmune disease. The
therapeutic potential of PAM3 was examined in the NZB/W model of
lupus. Weekly treatment with PAM3 normalized the M2:M1 ratio and
shifted the cytokine profile towards the production of suppressive ra-
ther than inflammatory factors. Serum levels of anti-dsDNA auto-
antibodies fell, glomerulonephritis was delayed, and survival was pro-
longed by PAM3 therapy.

The conventional treatment of SLE relies on a combination of im-
munosuppressive drugs, steroids, and agents that deplete/inhibit au-
toreactive B cells [3,36,37]. Novel treatments designed to inhibit in-
terferon or lymphocyte signaling are being evaluated in phase III
clinical trials [37]. The over-abundance of pro-inflammatory M1-like

macrophages present in SLE patients provides an additional target for
therapeutic intervention [11,12,38–40]. In the MRL/lpr model, de-
pleting macrophages by knocking out CSF-1, its receptor, or by systemic
administration the selective CSF-1R inhibitor GW2580 reduced disease
severity [12,41–44]. Proteinuria and glomerular damage (but not au-
toAb levels) were also reduced when monocyte infiltration was in-
hibited by treating MRL/lpr or NZB/W mice with agents that antag-
onized macrophage differentiation/proliferation [44,45].

The dominance of M1-like macrophages in lupus patients is likely
driven by the increased level of pro-inflammatory cytokines including
IL-12, TNFα, IFNγ and type I IFNs present in that disease. These support
the generation of M1-like macrophages via pathways involving JAK/
Stat-1, NFKB and interferon regulatory factors [46–48]. Chemokines
that promote monocyte infiltration (e.g. MCP-1, CX3CL1) and macro-
phage differentiation/ proliferation are also elevated in mice and pa-
tients with lupus and may contribute to this process [12,41].

While murine studies show that reducing overall macrophage
abundance slows disease progression, Li et al. showed that increasing
the frequency of M2 macrophages accomplished the same goal [13].
That group adoptively transferred M2 macrophages into lupus prone
mice and documented a significant reduction in disease severity [13].
Unfortunately, adoptive M2 macrophage transfer is not a practical
clinical strategy. We therefore examined whether treatment with
PAM3, a TLR agonist that induces normal human monocytes to differ-
entiate into M2-like macrophages [14], might be used to normalize the
M1:M2 ratio in SLE patients. As shown in Fig. 2C, that outcome was
obtained in studies of cultured lupus monocytes. In the absence of
exogenous stimulation, lupus monocytes preferentially mature into M1-
like macrophages (Fig. 2D). This may reflect their in vivo exposure to
factors that support the generation of inflammatory macrophages, as
described above. Just the opposite is observed in cancer patients, whose
monocytes respond to suppressive serum factors by preferentially ma-
turing into M2-like macrophages [49,50].

Fig. 5. Effect of PAM3 treatment on the immune manifestations of lupus. Mice were treated as described in Fig. 4. Serum collected at 6 months was analyzed for
(A) IgG anti-dsDNA and (B) IL-12. Spleen cells were cultured ex vivo without further stimulation for 24 h and culture supernatants tested for (C) TNFα and (D) IL-10
levels by ELISA (N = 5/group of lupus mice and 2 for BALB/c controls). **p < .01; ***p < .001; ****p < .0001 PAM3 vs PBS treated NZB/W mice.
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The potential of PAM3 to increase M2 macrophage frequency re-
presents a novel approach to the treatment of autoimmunity. In contrast
to agents that non-specifically deplete all types of macrophages
(thereby increasing host susceptibility to bacterial infections) PAM3
selectively supports the generation of immunosuppressive macrophages
(Fig. 2C).

The patients evaluated in this study were treated with a variety of
conventional agents including hydroxychloroquine, prednisone, myco-
phenolate mofetil (MMF) and azathioprine (AZA) (Table 1). Hydroxy-
chloroquine is an antimalarial that also interferes TLR7 and TLR9 sig-
naling [3,51,52]; prednisone is a glucocorticoid that inhibits T and B
cell responses [53]; MMF is an immunosuppressive agent that inhibits
lymphocyte proliferation and antibody production [3,54]; while AZA
regulates DNA synthesis thereby inhibiting cell proliferation [3]. None
of these drugs is known to selectively act on monocytes/macrophages
or influence monocyte differentiation.

The relative excess of M1-like macrophages in lupus patients con-
tributes to the increased level of inflammatory cytokines and reduced
apoptotic capacity found in that disease [24–27]. When apoptotic cells
are not removed by phagocytosis, they leak DAMPS and self-antigens in

a process known as secondary necrosis. These can trigger inflammation
and stimulate B cells to produce autoantibodies [55]. Treatment with
PAM3 reversed these abnormalities (Fig. 3A), generating M2-like
macrophages with good endocytic activity that preferentially secreted
the immunosuppressive cytokine IL-10 rather than the inflammatory
cytokines IL-12 and TNFα (Fig. 3C–E). Monocytes from patients with
active lupus express elevated levels of the co-stimulatory molecule
CD40. This improves their ability to activate B cells (which express the
CD40 ligand) and supports autoAb production [6,23]. Current findings
confirm that lupus monocytes express high levels of CD40. Treatments
that support the differentiation of monocytes into M1-like (IFNγ and
R848) but not M2-like (PAM3) macrophages correlated with increased
CD40 expression (Fig. 2E).

To evaluate the effect of PAM3 in vivo, NZB/W mice were treated
weekly starting either before or after abnormalities in glomerular
function (proteinuria) arose (at 7 and 13 weeks of age, respectively).
PAM3 normalized the M1:M2 ratio, inhibited the progression of pro-
teinuria, reduced the BUN:creatinine ratio and prolonged survival
(Figs. 4, 6 and 8). Initiating PAM3 treatment at 7 weeks of age max-
imized its survival benefit. Starting at 13 weeks had less of an effect on
the magnitude of proteinuria and survival, indicating that treatment
could not reverse pre-existing kidney damage. Histologic evaluation of
kidneys from these animals confirmed that glomerular and tubular in-
filtration were reduced by PAM3 treatment while the frequency of
CD206+ M2 macrophages rose (Fig. 7). While human lupus is char-
acterized by periods of relative inactivity punctuated by disease flares,
glomerulonephritis in NZB/W mice is genetically determined and ad-
vances inexorably. Thus, the significant delay in disease progression
observed in this murine model may translate into even greater benefit
for patients. In that context, treatment with PAM3 significantly altered
the immune milieu of NZB/W mice. The production of the pro-in-
flammatory cytokines IL-12 and TNFα was reduced (Fig. 3C and D; 5 B,
C). Previous reports showed that neutralizing IL-12 could prevent the
development of Th1-mediated autoimmune disease [56]. Similarly,
TNFα levels in the sera of lupus patients correlates with disease activity
and there are reports that anti-TNF therapy improves disease outcome
[29,57] (Figs. 3C and 5C). IL-10 is an immunosuppressive cytokine
produced by M2 macrophage. IL-10 impedes APC activation and alle-
viates disease in NZB/W mice (although its effect in human lupus re-
mains controversial) [29,58,59]. Human monocytes stimulated with
PAM3 and splenocytes from PAM3 treated mice produced IL-10
(Figs. 3E and 5D), an effect linked with a reduction in autoAb levels in
NZB/W mice (Fig. 5A).

The findings in this report establish that PAM3 supports the pre-
ferential generation of M2-like macrophages from lupus monocytes.
That activity altered the internal milieu, increasing levels of suppressive
versus inflammatory cytokines, reducing autoantibody production, de-
laying disease progression and significantly prolonging survival. We
propose that PAM3 mediated modulation of macrophage differentiation
be evaluated for efficacy in human SLE.

5. Conclusions

Current findings support the conclusion that macrophage contribute
to the pathogenesis of SLE. Our results demonstrate that the TLR2/1
agonist PAM3 induces monocytes from lupus patients to preferentially
differentiate into M2-like macrophages. The same effect is observed
when PAM3 is administered to lupus-prone NZB/W mice, culminating
in the normalization of the M1:M2 balance. Disease progression is de-
layed and survival significantly prolonged by weekly PAM3 treatment
in this murine model. By regulating macrophage differentiation, PAM3
thus represents a potentially novel approach to the therapy of SLE.

Fig. 6. Effect of PAM3 treatment on lupus nephritis. NZB/W mice were
treated with PAM3 or PBS as described in Fig. 4. A) Proteinuria was measured
at 6 months (N = 11 for each PAM3 treated group and 21 for PBS treated mice).
B) The serum BUN:creatinine ratio was measured at 6 months of age (N = 5 for
NZB/W, N = 3 BALB/c). *p < .05; **p < .01 PAM3 vs PBS treated NZB/W
mice.
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