
Immunopathology and Infectious Diseases

Type I Interferon Production by Tertiary
Lymphoid Tissue Developing in Response to
2,6,10,14-Tetramethyl-Pentadecane (Pristane)

Dina C. Nacionales, Kindra M. Kelly, Pui Y. Lee,
Haoyang Zhuang, Yi Li, Jason S. Weinstein,
Eric Sobel, Yoshiki Kuroda, Jun Akaogi,
Minoru Satoh, and Westley H. Reeves
From the Division of Rheumatology and Clinical Immunology

and Center for Autoimmune Disease, University of Florida,

Gainesville, Florida

Lymphoid neogenesis is associated with antibody-medi-
ated autoimmune diseases such as Sjogren’s syndrome
and rheumatoid arthritis. Although systemic lupus ery-
thematosus is the prototypical B-cell-mediated autoim-
mune disease, the role of lymphoid neogenesis in its
pathogenesis is unknown. Intraperitoneal injection of
2,6,10,14-tetramethyl-pentadecane (TMPD, pristane) or
mineral oil causes lipogranuloma formation in mice,
but only TMPD-treated mice develop lupus. We report
that lipogranulomas are a form of lymphoid neogene-
sis. Immunoperoxidase staining of lipogranulomas re-
vealed B cells, CD4� T cells, and dendritic cells and in
some cases organization into T- and B-cell zones. Li-
pogranulomas also expressed the lymphoid chemo-
kines CCL21, CCL19, CXCL13, CXCL12, and CCL22. Ex-
pression of the type I interferon (IFN-I)-inducible genes
Mx1, IRF7, IP-10, and ISG-15 was greatly increased in
TMPD- versus mineral oil-induced lipogranulomas.
Dendritic cells from TMPD lipogranulomas underwent
activation/maturation with high CD86 and interleu-
kin-12 expression. Magnetic bead depletion of dendritic
cells markedly diminished IFN-inducible gene (Mx1)
expression. We conclude that TMPD-induced lupus is
associated with the formation of ectopic lymphoid tis-
sue containing activated dendritic cells producing IFN-I
and interleukin-12. In view of the increased IFN-I pro-
duction in systemic lupus erythematosus, these studies
suggest that IFN-I from ectopic lymphoid tissue
could play a role in the pathogenesis of experimental
lupus in mice. (Am J Pathol 2006, 168:1227–1240; DOI:

10.2353/ajpath.2006.050125)

Chronic inflammation can lead to the formation of ec-
topic lymphoid tissue, a process known as “lymphoid
neogenesis.”1 The development of this tertiary lym-
phoid tissue partially recapitulates normal lymph node
development, which depends in part on lymphotoxin �
as well as B-cell (CXCL13) and T-cell (CCL21 and
CCL19) attractant chemokines.2–5 Lymphoid neogene-
sis is associated with humoral autoimmunity in a variety
of situations6: the thyroid gland in Hashimoto’s thyroid-
itis, thymus in myasthenia gravis, nervous system in
multiple sclerosis, salivary glands in Sjogren’s syn-
drome, and synovium in rheumatoid arthritis.7–10 Pre-
cisely how the formation of tertiary lymphoid tissue
leads to autoimmunity and autoantibody production is
not clear. We have shown previously that chronic in-
flammation induced by the hydrocarbon oil 2,6,10,14-
tetramethyl-pentadecane (TMPD) causes autoantibod-
ies and clinical manifestations closely resembling
systemic lupus erythematosus (SLE) in most nonauto-
immune-prone mouse strains.11,12 BALB/c mice in-
jected intraperitoneally with TMPD develop high levels
of the lupus-related autoantibodies against double-
stranded DNA, Sm, RNP, and Su11 along with immune
complex-mediated glomerulonephritis12 and arthri-
tis.13–15 In contrast, medicinal mineral oil (a complex
hydrocarbon mixture) does not induce these autoanti-
bodies nor does it cause renal or joint disease.16 In the
present study, we show that TMPD-induced chronic
inflammation leads to lymphoid neogenesis. Dendritic
cells present in the tertiary lymphoid tissue produced
high levels of type I interferons (IFN-I), which are im-
plicated in the pathogenesis of SLE.17,18 In contrast,
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there was little IFN-I production in inflammatory tissues
elicited by mineral oil injection. This study provides
evidence for a link between chronic inflammation, lym-
phoid neogenesis, and the pathogenesis of SLE.

Materials and Methods

Mice

Four-week-old female BALB/c mice were purchased from
Jackson Laboratory (Bar Harbor, ME) and housed in a
conventional facility in barrier cages. At 3 months of age,
they received a single intraperitoneal injection (0.5 ml) of
either TMPD (Sigma-Aldrich, St. Louis, MO) or medicinal
mineral oil (Harris Teeter, Mathews, NC). Peritoneal cells,
granulomas, spleen, and blood were harvested 12 to 20
weeks later. These studies were approved by the Institu-
tional Animal Care and Use Committee.

Harvesting of Peritoneal Cells and Dendritic Cell
Depletion

The peritoneal cavity was lavaged with 5 ml of Dulbec-
co’s modified Eagle’s medium supplemented with 10%
fetal calf serum, 10 mmol/L HEPES, glutamine, and pen-
icillin/streptomycin (complete Dulbecco’s modified Ea-
gle’s medium) plus 10 U/ml heparin. Cells were collected
by centrifugation, and supernatants were frozen at
�80°C until analysis. After lysing erythrocytes in 0.15
mol/L NH4Cl, 10 mmol/L KHCO3, and 2 mmol/L ethyl-
enediaminetetraacetic acid, the peritoneal cells were re-
suspended in complete medium.

Peritoneal CD11c� dendritic cells, CD11b� macro-
phages/monocytes, CD19� B cells, and CD3� T cells
were positively selected using magnetic beads (Miltenyi
Biotech, Auburn, CA) following the manufacturer’s in-
structions. Cells were usually �95% positive for each
population by flow cytometry. In some experiments,
CD11c� cells were depleted using anti-CD11c mi-
crobeads. Untreated and CD11c-depleted peritoneal
cells were cultured in 12-well culture dishes either without
stimulation or with lipopolysaccharide (LPS, from Salmo-
nella minnesota, 100 ng or 10 �g/ml; Sigma-Aldrich),
polyinosinic-polycytidylic acid (poly IC, 50 �g/ml; Sigma-
Aldrich), or CpG oligodeoxyribonucleotide (ODN) no.
1826 (10 �g/ml; Coley Pharmaceutical Group Inc., Welle-
sley, MA). RNA was extracted 4 hours later using TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA).

Lipogranulomas

Individual and pooled lipogranulomas were picked from
the peritoneal lining of mice treated with TMPD or mineral
oil 12 to 20 weeks earlier, and RNA was extracted using
TRIzol reagent. Single cell suspensions for flow cytometry
were prepared by digesting pooled lipogranulomas with
collagenase (2 mg/ml) and dispase (1 mg/ml) (Invitrogen
Life Technologies) and shaking at 200 rpm at 37°C for 30
minutes. The cells were washed three times with phos-

phate-buffered saline (PBS) and 2 mmol/L ethylenedia-
minetetraacetic acid, filtered through a 70-�m pore-size
cell strainer, and resuspended in flow cytometry buffer.

Gene Expression in RAW264.7 Cells

In some experiments, RAW 264.7 cells (mouse mono-
cyte-macrophage cell line; American Type Culture Col-
lection, Bethesda, MD) were incubated in vitro with cyto-
kines. Cells were grown in complete Dulbecco’s modified
Eagle’s medium and incubated at 37°C in a 5% CO2

atmosphere, resuspended at 2 � 106/ml in complete
Dulbecco’s modified Eagle’s medium and plated over-
night in 12-well culture dishes. The cells were cultured an
additional 24 hours either without stimulation or with LPS
(1 ng/ml, 10 ng/ml, 100 ng/ml, 1 �g/ml, or 10 �g/ml),
poly(I:C) (50 �g/ml), with IFN-� (500 to 1000 U/ml) �
anti-IFN-� neutralizing antibody (1 to 2 �g/ml), or IFN-�
(500 to 1000 U/ml) (all from PBL Biomedical Laboratories,
Piscataway, NJ), or with interleukin (IL)-12 (10 to 20 ng/
ml), tumor necrosis factor (TNF)-� (20 ng/ml), or IL-6 (5
ng/ml) (all from BD Biosciences, San Jose, CA). Cells
were harvested at specified time points for RNA extrac-
tion using TRIzol.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Total RNA was precipitated with isopropanol and the
pellet washed with cold 75% (v/v) ethanol and resus-
pended in diethyl pyrocarbonate-treated water. One �g
of RNA was treated with DNase I (Invitrogen) to remove
genomic DNA and reverse transcribed to cDNA using
Superscript first-strand synthesis system for RT-PCR (In-
vitrogen). One �l of cDNA was added to the PCR mixture
containing 1� PCR buffer (2.5 mmol/L MgCl2, 400 �mol/L
dNTPs), 0.025 U of TaqDNA polymerase (Invitrogen), 1
�mol/L each of forward and reverse primers, and diethyl
pyrocarbonate-water in a 20-�l volume. Amplification
was performed for 5 minutes at 94°C, followed by 35
cycles of denaturation at 94°C for 1 minute, annealing at
60°C for 1 minute, extension at 72°C for 1 minute, and a
final extension of 72°C for 10 minutes in a PTC-100
programmable thermal controller (MJ Research, Inc.,
Waltham, MA). PCR primers were synthesized by Invitro-
gen (Table 1).

Quantitative PCR

Gene expression was quantified by real-time PCR. One
�l of cDNA was added to a mixture containing 3.75
mmol/L MgCl2, 1.25 mmol/L dNTP mixture, 0.025 U of
Amplitaq Gold, SYBR Green dye (Applied Biosystems,
Foster City, CA), optimized concentrations of specific
forward and reverse primers, and diethyl pyrocarbonate-
treated water to a final volume of 20 �l. Amplification
conditions were 95°C (10 minutes), followed by 45 cycles
of 94°C (15 seconds), 60°C (25 seconds), 72°C (25 sec-
onds), and a final extension at 72°C for 8 minutes using a
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DNA Engine Opticon 2 continuous fluorescence detector
(MJ Research). Primers were synthesized by Invitrogen
(Table 2). Transcripts were quantified using the compar-
ative (2���Ct) method.

Flow Cytometry

The following labeled antibodies were used: anti-CD19-
FITC or PE-Cy7; anti-CD8-PE; anti-CD4-PE-Cy5; anti-
CD3-APC; anti-CD5-PE; anti-CD45R (B220)-PE-Cy5 or
PerCP Cy5.5; anti-CD11b-APC; anti-I-Ad-FITC or PE; anti-
CD11c-PE or APC; anti-CD86-biotin; and anti-CD40-
biotin (all from BD Biosciences, San Jose, CA), anti-CD-
11b-Pacific Blue (Caltag Laboratories, Burlingame, CA),
and anti-PDCA-1-FITC (Miltenyi Biotec, Auburn, CA). For
biotinylated reagents, avidin-PE-Cy5 was used (BD Bio-
sciences). Biotinylated isotype controls were used to
evaluate background fluorescence. Isolated peritoneal
cells were washed in staining buffer (PBS supplemented
with 0.1% NaN3 and 1% bovine serum albumin). After
aliquotting 106 cells/well into 96-well round-bottom poly-
styrene plates (Costar, Corning, NY), the cells were pre-
incubated for 10 minutes with 1 �g of anti-CD16 in 10 �l
of staining buffer to block Fc binding. Primary antibodies
were then added at pretitrated amounts and incubated

for 20 minutes, followed by washing in staining buffer.
After the addition of avidin-PE-Cy5 to appropriate wells,
the cells were washed and resuspended in PBS supple-
mented with 1% paraformaldehyde. Data were acquired
on a FACSCalibur (BD Biosciences) and analyzed with
FCS Express Version 2 (DeNovo Software, Thornhill, ON,
Canada). At least 20,000 events per sample were ac-
quired and analyzed using size gating to exclude dead
cells.

Immunohistochemistry

Lipogranulomas were picked from the peritoneal wall and
snap-frozen in OCT compound (Tissue-Tek; Sakura Fine-
tek USA, Inc., Torrance, CA). Cryostat sections (5 �m)
were collected on gelatin/chromium potassium sulfate-
treated slides, fixed in cold acetone, and stored at
�80°C. For staining, sections were air-dried at room tem-
perature then quenched with 0.3% H2O2 for 10 minutes
and blocked with 10% normal goat serum (Vector Labo-
ratories, Burlingame, CA) for 30 minutes. Sections were
then incubated with biotinylated anti-B220, -CD4,
-CD11c, -CD11b (BD Biosciences), or peanut agglutinin
(Vector) for 1 hour followed by incubation with horserad-
ish peroxidase-streptavidin (Vector) for 30 minutes and

Table 1. Primers Used for RT-PCR

Gene Forward Reverse bp

�-Actin 5�-TGGAATCCTGTGGCATCCTGAAAC-3� 5�-TAAAACGCAGCTCAGTAACAGTCCG-3� 348
Mx1* 5�-GATCCGACTTCACTTCCAGATGG-3� 5�-CATCTCAGTGGTAGTCAACCC-3� 181
IRF-7* 5�-TGCTGTTTGGAGACTGGCTAT-3� 5�-TCCAAGCTCCCGGCTAAGT-3� 359
IP-10* 5�-ATCATCCCTGCGAGCCTAT-3� 5�-ATTCTTGCTTCGGCAGTTAC-3� 361
ISG15* 5�-CAGAAGCAGACTCCTTAATTC-3� 5�-AGACCTCATATATGTTGCTGTG-3� 339
CCL21 5�-ATGATGACTCTGAGCCTCC-3� 5�-GAGCCCTTTCCTTTCTTTCC-3� 346
CCL19 5�-GCCTCAGATTATCTGCCAT-3� 5�-AGACACAGGGCTCCTTCTGGT-3� 340
CCR7 5�-GAGAGACAAGAACCAAAAGCAC-3� 5�-GGGAAGTAATTAGGAGGAAAAGG-3� 394
CXCL13 5�-ATGAGGCTCAGCACAGCAAC-3� 5�-CCATTTGGCACGAGGATTCAC-3� 245
CXCR5 5�-ACTACCCACTAACCCTGGAC-3� 5�-AGGTGATGTGGATGGAGAGGAG-3� 409
IL-12p40 5�-GAGTGGACTGGACTCCCGA-3� 5�-CAAGTTCTTGGGCGGGTCTG-3� 618
IL-6 5�-CTGGTGACAACCACGGCCTTCCCT-3� 5�-ATGCTTAGGCATAACGCACTAGGTT-3� 600
IL-4 5�-CGAAGAACACCACAGAGAGTGAGCT-3� 5�-GACTCATTCATGGTGCAGCTTATCG-3� 181
IFN-� 5�-AGCGGCTGACTGAACTCAGATTGTA-3� 5�-GTCACAGTTTTCAGCTGTATAGGG-3� 247
18S 5�-CGGCTACCACATCCAAGGAA-3� 5�-GCTGGAATTACCGCGGCT-3� 198
CCL22 5�-CCAGGACTACATCCGTCACC-3� 5�-TGGCAGAAGAATAGGGCTTG-3� 239
CXCL12 5�-TGCTCTCTGCTTGCCTCCA-3� 5�-GGTCCGTCAGGCTACAGAGGT-3� 69

*IFN-I inducible gene.

Table 2. Primers Used for Real-Time PCR

Gene Forward Reverse

Mx1* 5�-GATCCGACTTCACTTCCAGATGG-3� 5�-CATCTCAGTGGTAGTCAACCC-3�
ISG15* 5�-AGCGGAACAAGTCACGAAGAC-3� 5�-TGGGGCTTTAGGCCATACTC-3�
IP-10* 5�-CCTGCAGGATGATGGTCAAG-3� 5�-GAATTCTTGCTTCGGCAGTT-3�
IRF-7* 5�-TGCTGTTTGGAGACTGGCTAT-3� 5�-TCCAAGCTCCCGGCTAAGT-3�
TLR 3 5�-TCCGCCCTCTTCGTAACT TG-3� 5�-TTGGCGGCTGGTAATCTTCT-3�
TLR 4 5�-GAGGCAGCAGGTGGAATT GT-3� 5�-TGCTCAGGATTCGAGGCTTT-3�
TNF� 5�-GGCAGGTCTACTTTGGAGTCATTGC-3� 5�-ACATTCGAGGCTGCTCCAGTGAATTCGG-3�
IL-4 5�-TCAACCCCCAGCTAGTTGTC-3� 5�-TGTTCTTCGTTGCTGTGAGG-3�
MyD88 5�-ACTGGCGGCCTGAGCAACTAGGA-3� 5�-TGTCCCAAAGGAAACACACA-3�
TRIF 5�-CCTGTCAGCACGTTTTCTGT-3� 5�-TCCGGACATGCTCTTTCTCT-3�
TRAM 5�-TGCAAACCATCAATGCCTTA-3� 5�-TCAAATACAGACTCCCGGAAA-3�
�-Actin 5�-CCCACACTGTGCCCATCTAC-3� 5�-CGCTCGGTCAGGATCTTCAT-3�

*IFN-I inducible gene.
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aminoethylcarbazole. For peripheral lymph node ad-
dressin staining, sections were incubated with purified rat
anti-mouse PNAd (MECA-79, BD Biosciences), and then
with biotinylated mouse anti-rat IgM (BD Biosciences),
followed by horseradish peroxidase-streptavidin (Vec-
tor). Sections were counterstained with Mayer’s hematox-
ylin and dilute ammonia.

Cytokine Enzyme-Linked Immunosorbent Assay
(ELISA)

Unfractionated peritoneal exudate cells, peritoneal cells
depleted of CD11c� cells, and the CD11c� fraction were
plated in 96-well plates (105 cells/well) and treated with
LPS (10 �g/ml), CpG ODN no. 1826 (10 �g/ml), or poly
(I:C) (50 �g/ml). Culture supernatants were collected 24
hours later and TNF-� and IL-12 ELISAs were performed
using hamster monoclonal and rabbit polyclonal antibod-
ies (TNF-�) or rat monoclonal antibody pairs (IL-12) from
BD Biosciences. After incubation with biotinylated cyto-
kine-specific antibodies, streptavidin-alkaline phospha-
tase (1:1000 dilution; Southern Biotechnology Associ-
ates, Birmingham, AL) was added for 30 minutes at 22°C,
and the reaction was developed. Peritoneal washings
obtained by lavage were assayed for IFN-� (antibodies
from PBL Biomedical Laboratories, Piscataway, NJ),
IFN-�, IL-6, and IL-12 (antibodies from BD Biosciences)
in the same manner. Optical density was converted to
concentration based on standard curves produced using
recombinant cytokines using a four-parameter logistic
equation (Softmax Pro 3.1 software; Molecular Devices
Corporation, Sunnyvale, CA).

Results

Peritoneal Inflammatory Responses to TMPD
and Mineral Oil

Both TMPD and mineral oil induce chronic inflammation
when injected into the peritoneal cavity. Because the
onset of IgG autoantibody production in TMPD-treated
mice is between 12 and 20 weeks after intraperitoneal
injection of the oil, we compared the peritoneal inflamma-
tory responses to TMPD and mineral oil (a mixture of
hydrocarbons that does not induce lupus in mice) at
these time points (Figure 1, A–C). At 12 weeks, the in-
flammatory response to TMPD (and to a lesser extent
mineral oil) was predominated by a striking influx of
CD11b� cells that did not bear B-cell (CD19, B220) or
dendritic cell (CD11c) markers, and thus were probably
monocytes or monocytes/macrophages (Figure 1, A–C;
Table 3). At the same time, the number of B cells de-
creased in comparison with resident peritoneal cells from
untreated mice (Figure 1, B and C). At 12 weeks, there
were marked differences in CD19�/B220� B cells (2.2%
in TMPD-treated versus 27.6% in mineral oil-treated
mice) and the number of I-Ad� cells (6.6% TMPD-treated
versus 32.4% mineral oil-treated mice). Representative
flow cytometry data are shown in Figure 1D. Although the

percentage of B1/macrophages by scatter was signifi-
cantly higher in TMPD-treated mice, very few of these
were B1 cells, which would be reflected in the I-Ad� and
CD11bint population (Figure 1D). Additional staining with
CD19, CD5, and B220 confirmed that B1 cells were mark-
edly decreased in TMPD-treated mice (data not shown).
Dendritic cells (CD11c�) represented �5% of the perito-
neal exudate cells both in TMPD- and in mineral oil-
treated mice. Because of the higher peritoneal cell
counts, the absolute numbers of peritoneal dendritic cells
were greater in TMPD- versus mineral oil-treated mice at
12 weeks (Figure 1C). Normal resident peritoneal cells
contained very few dendritic cells. The expression of
CD86 on peritoneal DCs from TMPD- versus mineral oil-
treated mice was comparable (Figure 1D).

Between 12 and 20 weeks after injection of TMPD or
mineral oil, the numbers of total B cells increased some-
what in both TMPD- and mineral oil-treated mice (Figure
1C, Table 3). T cell counts were greatly increased in
TMPD- versus mineral oil-treated mice at 12 weeks, but
did not increase further at 20 weeks (Figure 1C, Table 3).

Figure 1. Flow cytometry of peritoneal exudate cells. BALB/c mice were
treated intraperitoneally with TMPD or mineral oil (MO). Peritoneal exudate
cells were harvested by lavage 12 or 20 weeks later (TMPD-12, MO-12,
TMPD-20, and MO-20, respectively). Resident peritoneal cells (RPCs) from
three untreated BALB/c mice were analyzed for comparison. Pooled li-
pogranulomas from individual mice were harvested at 20 weeks after TMPD
or mineral oil injection (TMPD-Lip and MO-Lip, respectively) and treated
with collagenase and dispase. A: Total peritoneal cell counts. Total cell
counts were determined using a hemocytometer (mean and SE are shown).
B and C: Cellular composition of peritoneal exudates by flow cytometry.
Peritoneal cells were analyzed by flow cytometry using anti-B220 and CD19
(B cells), anti-CD3 (T cells), anti-CD11b (monocytes and some B cells), and
CD11c (dendritic cells). The percent (B) and absolute numbers (C) of B and
lymphocytes, CD11b� cells, and CD11b�, CD11c� monocyte-derived den-
dritic cells are shown. D: Representative examples of the staining for mineral
oil- versus pristane-treated mice. Peritoneal cells were stained with anti-B220
and anti-CD19 mAbs (left), anti-CD11b and anti-I-Ad mAbs (middle), or
anti-CD11c and anti-CD86 mAbs (right).
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The absolute number of T cells in the peritoneal exudate
of TMPD-treated mice was approximately twice that in
mineral oil-treated mice; in both cases the ratio of CD4�/
CD8� cells was �2:1. Between 12 and 20 weeks, both
the percentage and the absolute number of CD11c�

dendritic cells in the peritoneal exudate decreased in
both TMPD- and mineral oil-treated mice, concomitant
with the appearance of relatively large numbers of den-
dritic cells in the lipogranulomas (Figure 1, B and C;
Table 3). These data suggest that intraperitoneal admin-
istration of TMPD stimulated an early influx of monocytes,
dendritic cells, and T cells followed by an influx of B
lymphocytes. TMPD was relatively more potent than min-
eral oil in attracting T lymphocytes into the peritoneal
exudate and promoting the formation of lipogranulomas
with large numbers of monocytes, dendritic cells, and T
and B lymphocytes at 20 weeks (Table 3).

TMPD Granulomas Are Ectopic Lymphoid
Tissue

Chronic inflammation induced by either TMPD or mineral
oil causes the formation of lipogranulomas adherent to
the mesothelial surfaces of the peritoneal lining.19–22

However, relatively little is known about the organization
of these structures. Lipogranulomas induced by TMPD
(Figure 2A) were more compact and nodular than those
induced by mineral oil (Figure 2B). Hematoxylin and
eosin (H&E) staining of TMPD-induced granulomas
revealed a predominantly mononuclear cell infiltrate
surrounding numerous oil droplets (Figure 2C).
Neovascularization of TMPD-induced lipogranulomas
was apparent by H&E staining (Figure 2D). The blood
vessels were strongly positive for peripheral lymph node
addressin (MECA-79 staining), a marker for high endo-
thelial venules (Figure 2E).

Serial sections through individual TMPD-induced li-
pogranulomas revealed the presence of B220� B cells,
CD4� T cells, and CD11c� dendritic cells (Figure 2,
F–H). In some cases, there was organization into discrete
areas consisting of B cells, or T cells plus dendritic cells
(Figure 2, F–H). However, the B cells did not stain with a

germinal center marker, peanut agglutinin (Figure 2I).
The lipogranulomas also contained large numbers of
CD11b� cells, which were probably mainly monocytes,
macrophages, and dendritic cells (not shown). Thus, the
overall structure of TMPD-induced peritoneal lipogranu-
lomas resembled that of secondary lymphoid tissue,
although with some differences, such as absence of
peanut agglutinin staining and FDC-M1� follicular den-
dritic cells (not shown). Immunohistochemistry of min-
eral oil-induced lipogranulomas also revealed the
presence of MECA-79� high endothelial venules (Fig-
ure 2J), B220� B cells, and CD4� T cells (Figure 2, K
and L), but there was no evidence of organization into
discrete T-cell/dendritic cell and B-cell zones as seen
in some TMPD lipogranulomas.

When the lipogranulomas were dissociated with colla-
genase/dispase and analyzed by flow cytometry, it was
apparent that lipogranulomas from TMPD-treated mice
were considerably more cellular than those from mineral
oil-treated mice (sevenfold higher total cells) (Table 3).
This was reflected in the absolute numbers of B cells
(sixfold increased), T cells (sixfold increased), mono-
cytes (threefold increased), and both CD11c�/CD11b�

and CD11c�/CD11b� dendritic cells (twofold increased).
As a percentage of total cells, dendritic cells were more
abundant in lipogranulomas than in peritoneal exudate (6
to 10% in lipogranulomas from TMPD- or mineral oil-
treated mice versus 1 to 2% in peritoneal exudate), sug-
gesting that they might home specifically to the
lipogranulomas.

Expression of Lymphoid Chemokines in
Lipogranulomas

As high endothelial venules are a source of the T-cell/
dendritic cell attractant chemokines SLC (CCL21) and
ELC (CCL19),23,24 we looked for expression of CCL21/
CCL19 as well as the B-cell attractant chemokine BLC
(CXCL13) in TMPD and mineral oil lipogranulomas (Fig-
ure 3). Both TMPD and mineral oil-induced lipogranulo-
mas expressed mRNA for CCL21 and CCL19, ligands for
the CC-chemokine receptor CCR7, but levels appeared

Table 3. Absolute Cell Counts in Lipogranulomas and Peritoneal Exudate at 20 Weeks

Lipogranulomas Peritoneal exudate

Absolute cell count (�10�6) TMPD Mineral oil TMPD Mineral oil

Total cells 7.5 � 1.5 1.6 � 0.2 15 � 4.6 8.5 � 0.1
B cells

CD19�, CD5� 0.5 � 0.1 (6.4%) 0.08 � 0.03 (4.5%) 1.8 � 0.8 (11.8%) 1.2 � 0.3 (13.2%)
CD19�, CD5� 0.01 � 0.003 (0.1%) 0.001 � 0.0001 (0.07%) 0.1 � 0.006 (0.06%) 0.01 � 0.002 (0.1%)

T cells
CD3� 1.4 � 0.2 (19%) 0.2 � 0.1 (16%) 3.9 � 1.3 (26%) 1.5 � 0.8 (17%)
CD3�, CD4� 0.6 � 0.08 (8%) 0.1 � 0.04 (8%) 2.6 � 0.8 (17%) 1.0 � 0.6 (11%)
CD3�, CD4�* 0.8 (11%) 0.1 (8%) 1.3 (8%) 0.5 (6%)

Antigen-presenting cells
CD11c�, CD11b� 0.04 � 0.005 (0.6%) 0.02 � 0.006 (1%) 0.03 � 0.01 (0.3%) 0.04 � 0.006 (0.6%)
CD11c�, CD11b� 0.4 � 0.09 (5%) 0.2 � 0.06 (9%) 0.09 � 0.02 (0.6%) 0.1 � 0.01 (1%)
CD11c�, CD11b� 1.9 � 0.5 (24%) 0.6 � 0.3 (20%) 3.8 � 1.8 (23%) 2.9 � 0.3 (34%)

*Because the CD8 antigen is partially sensitive to collagenase/dispase treatment, the CD4�, CD8� and double-negative (CD4�, CD8�) subsets are
combined and reported as CD3�, CD4�.
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Figure 2. Pathology of lipogranulomas. A: Lipogranulomas adherent to the mesothelial surface of a mouse treated 12 weeks earlier with TMPD (arrow). B:
Lipogranulomas adherent to the mesothelial surface of the diaphragm of a mouse treated 12 weeks earlier with mineral oil (arrows). C: H&E staining of
lipogranulomas from a TMPD-treated mouse. Note numerous oil droplets and lymphocytic infiltration. D and E: Neovascularization of TMPD-induced
lipogranulomas. D: H&E staining of a peritoneal lipogranuloma from a mouse treated 12 weeks earlier with TMPD showing a blood vessel filled with erythrocytes
(arrow). E: Immunohistochemistry of frozen tissue (5-�m sections, immunoperoxidase technique) from a peritoneal lipogranuloma from a mouse treated 12
weeks earlier with TMPD and stained with MECA-79 antibody (anti-peripheral lymph node addressin, a marker for high endothelial venules). F–I: Immunohis-
tochemistry of serial sections through a TMPD lipogranuloma. A snap-frozen lipogranuloma was sectioned at 5 �m and stained by the immunoperoxidase
technique as follows: biotinylated anti-mouse CD45R/B220 (F), biotinylated anti-mouse CD11c (G), biotinylated anti-mouse CD4 (H), and biotinylated peanut
agglutinin (I). Arrow indicates the location of a collection of B cells in the serial sections. J–L: Immunohistochemistry of mineral oil lipogranulomas. Snap-frozen
lipogranulomas from mineral oil-treated mice were sectioned (5 �m) and stained by the immunoperoxidase technique using biotinylated MECA-70 (anti-PNAd)
(J), B220 (B cells) (K), or CD4 (T cells) (L).
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higher in TMPD versus mineral oil lipogranulomas. Ex-
pression of CCR7, the receptor on T cells and DCs for
CCL21/CCL19, also was detected. In addition, TMPD
and mineral oil lipogranulomas expressed the CXC-che-
mokine receptor CXCR5 and its ligand CXCL13 at high
levels. Two other chemokines implicated in the organiza-
tion of secondary lymphoid tissue, CXCL12 (SDF-1) and
CCL22 (MDC), also were detected in both TMPD and
mineral oil lipogranulomas (Figure 3, bottom). The data
suggest that locally produced chemokines might mediate
the accumulation of dendritic cells, T cells, and B cells
within the lipogranulomas and their organization into dis-
tinct zones.

Activation of Dendritic Cells in TMPD-Induced
Lymphoid Tissue

The resident peritoneal cells of normal mice contain few
dendritic cells, whereas there were substantial numbers
of CD11c� cells in the peritoneal exudate (Figure 1) and
lipogranulomas (Figure 2) of TMPD-treated mice. The
activation state and maturation of these cells was evalu-
ated by determining expression of the co-stimulatory mol-
ecule CD86 and cytokine production (Figure 4). As
shown by flow cytometry of cells from a representative
mouse, a progressive enrichment of CD11c� cells from
peripheral blood mononuclear cells (0.13% CD11c�/
CD11b� and 0.19% CD11c�/CD11b�) to spleen (0.62%
and 2.30%) to peritoneal exudate cells (1.75% versus
3.92%, respectively) to dissociated lipogranuloma cells
(12.52% versus 2.94%, respectively) was seen (Figure
4A, top). There was a striking enrichment of PDCA-1�

plasmacytoid dendritic cells in the lipogranulomas (Fig-
ure 4A, bottom). Percentages of PDCA-1�, CD11b� cells
increased from 0.15% in PBMCs to 4.93% in the lipogran-
ulomas. There also were large numbers of cells that were
PDCA-1�, CD11b�, or CD11c�, CD11b� in lipogranulo-
mas (12.52% and 8.14%, respectively) but they were rare
in PBMCs).

Strikingly, lipogranuloma dendritic cells expressed
high levels of CD86 (Figure 4B) and there was a progres-
sive increase in the ratio of CD11c�/CD86� cells to
CD11c�/CD86� cells from blood to peritoneal exudate to
lipogranulomas (Figure 4C), suggesting that homing to
the lipogranulomas was associated with increased den-
dritic cell activation/maturation. The mean fluorescence
intensity of CD86 staining on CD11c� cells was consid-
erably higher in the lipogranulomas than in either spleen
or peritoneal exudate cells (Figure 4B). Expression of
IL-12p40 mRNA also was higher in TMPD granulomas
than in mineral oil granulomas (Figure 4D), consistent
with increased activation of myeloid dendritic cells. In
contrast, IL-6, IL-4, and IFN-� expression was similar in
TMPD and mineral oil granulomas, indicating that the
increased expression of IL-12 was specific to TMPD
treatment and not because of a generalized, nonspecific
enhancement of cytokine expression.

Inflammatory Response to TMPD Is Associated
with High Levels of Type I IFN

Although both TMPD and mineral oil cause peritoneal in-
flammation, TMPD induces lupus-like disease (autoantibod-
ies and glomerulonephritis) but mineral oil does not. In light
of the proposed role of IFN-� in SLE, it was of interest to see
if TMPD stimulates IFN-I production. Peritoneal lavage was
performed in mice treated 12 weeks earlier with TMPD or
mineral oil and the levels of IL-12, IL-6, IFN-�, and IFN-� in
the washings were measured by ELISA (Figure 5A). IL-12
(P 	 0.002), IL-6 (P 	 0.004), and IFN-� (P 	 0.035) (all
Mann-Whitney test) were present at greatly increased levels
in the peritoneal washings from TMPD-treated mice versus
mineral oil-treated controls. The levels of IFN-� in the peri-
toneal lavage were not statistically different between TMPD
and mineral oil-treated mice (P 	 0.7, Mann-Whitney). Sim-
ilar results were obtained comparing PBS-treated controls
with TMPD-treated mice (data not shown). Because all IFN-I
isoforms (IFN-�, -�, -�) signal via the same receptor, we
explored the feasibility of measuring of IFN-I-inducible gene
expression as a bioassay for the production of any of the
IFN-I isoforms. Treatment of RAW264.7 cells with IFN-�
increased expression of the IFN-I-inducible gene Mx1 and
this could be blocked in a dose-dependent manner using a
neutralizing antibody against IFN-� (Figure 5B). Mx1 was
specific for IFN-I because IFN-� also enhanced its expres-
sion; in contrast there was no enhancement by TNF-�, IL-6,
or IL-12 (Figure 5C). Peritoneal cells from TMPD-treated
mice expressed markedly higher levels of Mx1 as well as
other IFN-I-inducible genes (IRF-7 and IP-10) than cells from
mineral oil-treated mice, indicating that TMPD strongly in-
duced IFN-I production (Figure 5D). In contrast, differences
in TNF-�, TLR3, TLR4, MyD88, TRAM, and TRIF expression

Figure 3. Expression of chemokines and chemokine receptors in lipogran-
ulomas. RNA isolated from pooled lipogranulomas (12 weeks) from four
TMPD-treated and four mineral oil-treated mice was used to synthesize
cDNA. Expression of SLC (CCL21), ELC (CCL19), CCR7, BLC (CXCL13), and
CXCR5 (top), as well as SDF-1 (CXCL12) and MDC (CCL22) (bottom) was
analyzed by RT-PCR, normalized to �-actin (top) or 18S ribosomal RNA
(bottom).
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in TMPD- versus mineral oil-treated mice were much less
dramatic. Mx1 expression levels closely correlated with ex-
pression of IRF-7, another IFN-inducible gene (P 
 0.0001,

linear regression) (Figure 5E), consistent with coordinate
expression of multiple IFN-regulated genes.17,18 Because
peritoneal exudates contain a mixture of lymphocytes (T

Figure 4. TMPD lipogranulomas contain activated dendritic cells. A: Accumulation of dendritic cells in the lipogranulomas. Peripheral blood mononuclear cells
(PBMCs), spleen, peritoneal exudate cells, and pooled lipogranuloma cells from a representative BALB/c mouse 20 weeks after intraperitoneal TMPD injection
were analyzed by flow cytometry. Top: Percentages of CD11c�/CD11b� monocytes/macrophages, CD11c�/CD11b� monocyte-derived (?) dendritic cells, and
CD11c�/CD11b� dendritic cells in each location (PBMCs, spleen, peritoneal exudate, and lipogranulomas) are indicated. Bottom: Percentages of PDCA-1�

dendritic cells in each location (peripheral blood, spleen, peritoneal exudate, and lipogranulomas) are shown. B: Lipogranuloma dendritic cells express high levels
of CD86. Expression of CD86 by CD11c� cells in the peripheral blood, spleen, peritoneal exudate, and lipogranulomas from representative TMPD-treated mice
was determined by flow cytometry. Top: Mean fluorescence intensity of CD86 in CD11c-gated cells from spleen, peritoneum, and lipogranulomas. Bottom:
CD11c and CD86 staining of PBMCs, peritoneal cells, and isolated lipogranuloma cells. C: Dendritic cells in lipogranulomas preferentially express CD86. Shown
is the ratio of CD86� to CD86� dendritic cells (CD11c�) in peripheral blood mononuclear cells (PBMCs), peritoneal cells (PCs), and TMPD-treated mouse
lipogranulomas. D: Increased expression of IL-12 p40 in TMPD lipogranulomas. RT-PCR was performed using cDNA from lipogranulomas from four mineral
oil-treated mice and four TMPD-treated mice. Sequences of the IL-12 p40, IL-6, IL-4, IFN-�, and �-actin primers used are shown in Table 1.
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and B cells) and APCs (monocytes/macrophages and den-
dritic cells) in different proportions, it was important to ex-
clude the possibility that one or more of these cell types

might show a dispro-portionate response to IFN-I, poten-
tially complicating interpretation of the data. B cells, T cells,
monocytes/macrophages, and dendritic cells from TMPD-
induced peritoneal exudate were purified using anti-CD19,
-CD3, -CD11b, and -CD11c magnetic beads, respectively,
and Mx1 expression was determined by real-time PCR. As
shown in Figure 5F, there was not a significant difference
between cell types in the level of Mx1 expression, consistent
with the fact that essentially all cell types express type I IFN
receptors. These data suggest that measurement of the
expression of IFN-I-inducible gene expression provides a
reasonable estimate of IFN-I production that is primarily
independent of the cell type. We next used this assay to
assess IFN-I production in the lipogranulomas that form in
response to TMPD or mineral oil.

Expression of IFN-I in Lipogranulomas

Increased expression of IRF-7, Mx1, IP-10, and ISG15
was apparent in TMPD versus mineral oil lipogranulomas
by RT-PCR (Figure 6A). This was confirmed using quan-
titative (real-time) PCR, which showed increased Mx1
expression in individual lipogranulomas of TMPD versus
mineral oil-treated mice (Figure 6B). There was consid-
erable variability among individual lipogranulomas from
the same mouse, possibly reflecting differences in cellu-
larity (data not shown). Pooled lipogranulomas from mice
treated with TMPD (n 	 6) or mineral oil (n 	 6) again
demonstrated increased Mx1 expression in the TMPD
group (Figure 6C). Mx1, IRF-7, ISG-15, and IP-10 mRNA
all were increased in individual lipogranulomas from
TMPD versus mineral oil-treated mice, whereas TLR4 and
TLR3 expression was comparable (Figure 6D). This was
not because of the induction of a nonspecific increase in
cytokine production by TMPD, because neither TMPD
nor mineral oil lipogranulomas contained substantial
amounts of IL-4. Peritoneal cells from TMPD-treated mice
expressed higher levels of IL-4 than TMPD lipogranuloma
cells (Figure 6E) and the peritoneal cells from mineral oil
lipogranulomas expressed IL-4 at levels approximately
comparable to TMPD peritoneal cells, further supporting
the conclusion that TMPD specifically increased Mx1 ex-
pression. Moreover, spleen cells from TMPD and mineral
oil-treated mice expressed comparable levels of Mx1,
indicating that the enhanced production of IFN-I was
localized to the sites of inflammation (lipogranulomas and
peritoneal exudate) and was not a systemic response
(Figure 6F). Taken together, the data shown in Figures 4C
and 6 indicate that the inflammatory response to TMPD is
distinguished from the response to mineral oil by local-
ized production of IFN-I and IL-12.

Dendritic Cells from TMPD-Treated Mice Are
the Source of IFN-I

To identify the cell type(s) producing IFN-I in TMPD-
treated mice, CD11c� cells were depleted from the peri-
toneal exudate using magnetic beads. Nearly 98% of the
CD11c� cells were removed (7.29% versus 0.2% before
and after fractionation). Peritoneal cells before and after

Figure 5. IFN-I-inducible gene expression in peritoneal exudate cells. A:
Cytokine expression in peritoneal washings. Peritoneal lavage was per-
formed in mice treated with TMPD or mineral oil and levels of IL-12, IL-6,
IFN-�, and IFN-� in the washings were measured by sandwich ELISAs. Levels
were compared using the Mann-Whitney test. B: Stimulation of Mx1 gene
expression by IFN-�. RAW 264.7 cells were treated for 24 hours with IFN-�
(1000 U/ml) in the absence or presence of anti-IFN-� neutralizing antibodies
(1 or 2 �g/ml). Mx1 expression (normalized to �-actin) was measured from
cDNA by real-time PCR. C: Specificity of Mx1 expression for IFN-I. RAW
264.7 cells were treated with IFN-� (1000 or 500 U/ml), IL-6 (5 ng/ml), TNF-�
(20 ng/ml), or IL-12 (10 or 20 ng/ml) or with medium (Med) alone. After 24
hours, cells were harvested and RNA extracted for cDNA synthesis. Mx1
expression was determined by real-time PCR, normalized to �-actin. D:
Increased expression in TMPD- versus mineral oil-elicited peritoneal cells.
RNA was extracted and cDNA was synthesized from freshly collected peri-
toneal exudate cells of mice treated with TMPD or mineral oil. Expression of
mRNAs for the IFN-inducible genes Mx1, IRF-7, and IP-10 as well as Toll-like
receptors (TLR3, TLR4) and adapter proteins MyD88, TRAM, and TRIF was
measured by real-time PCR normalized to �-actin. E: Correlation of Mx1 and
IRF-7 expression. Expression of Mx1 and IRF-7 was measured (real-time
PCR) in RNA isolated from either unstimulated peritoneal cells or LPS-
stimulated peritoneal cells from the same group of mice (seven measure-
ments). Expression of the two IFN-inducible genes correlated highly (r2 	
0.9788, P 
 0.0001). F: Mx1 expression by individual cell types. Dendritic
cells (CD11c�), B cells (CD19�), monocytes/macrophages (CD11b�), and T
cells (CD3�) were isolated from peritoneal exudates of TMPD-treated mice
using magnetic beads and RNA was extracted. Mx1 expression by each cell
type was determined by real-time PCR normalized to �-actin.

TMPD-Induced Lymphoid Neogenesis 1235
AJP April 2006, Vol. 168, No. 4



depletion were then stimulated for 4 hours in vitro with
TLR3, -4, or -9 ligands. As expected, all induced IFN-I
production in unfractionated cells. After depleting the
CD11c� cells, expression of the IFN-I-inducible gene
Mx1 was markedly reduced, indicating that the IFN-I
came mostly from CD11c� dendritic cells (Figure 7A).
In contrast, LPS-stimulated TNF-� production (ELISA)
was only slightly reduced by depleting CD11c� cells,
suggesting that it originated from nondendritic cells
such as monocytes (Figure 7B). CpG ODN-stimulated
TNF-� production was abrogated by depleting
CD11c� cells as was LPS- or CpG DNA-stimulated
IL-12 production (Figure 7B). These data confirm that
dendritic cells, presumably myeloid dendritic cells,
were the primary source of IL-12 in TMPD-treated mice
and suggest that IFN-I also was produced mainly by
dendritic cells.

Discussion

TMPD, squalene, and other adjuvant hydrocarbons
cause intense peritoneal inflammation and lipogranuloma

formation19–22 leading to autoantibody production and
autoimmune disease in nonautoimmune prone mice such
as BALB/c.11,12,14 Although medicinal mineral oil also
causes chronic peritoneal inflammation, it does not in-
duce either lupus-specific autoantibodies or disease.16

This study provides evidence that intraperitoneal expo-
sure to TMPD initiates a chronic inflammatory response
that progresses to lymphoid neogenesis.1 As in other
instances of lymphoid neogenesis,7–10 autoimmunity, in
this case SLE, can follow.11,12 To our knowledge, TMPD-
induced lupus provides the first evidence that lymphoid
neogenesis can be involved in the pathogenesis of SLE.
In view of the association of IFN-I production with
SLE,17,18 it may be significant that the lupus-inducing
hydrocarbon TMPD strongly stimulated IFN-I whereas
mineral oil did not.

There is considerable evidence that the inflammatory
response to TMPD is a form of lymphoid neogenesis.
TMPD-induced lipogranulomas expressed SLC (CCL21)
and ELC (CCL19), which attract T cells and dendritic
cells expressing CCR7.25 By analogy with secondary
lymphoid tissues,23,24 CCL21 may have been produced

Figure 6. IFN-I-inducible gene expression in lipogranulomas. BALB/c mice were treated with TMPD or mineral oil and RNA was isolated from lipogranulomas adherent
to the peritoneal lining or diaphragm at 12 weeks and used to synthesize cDNA. A: Expression of IFN-inducible genes. RT-PCR was performed for �-actin, IRF-7, Mx1,
IP-10, and ISG-15 using lipogranuloma cDNA from mineral oil (MO)- or TMPD-treated mice. B: Mx1 expression, individual lipogranulomas. Expression of Mx1
normalized to �-actin was measured in individual lipogranulomas (n 	 6) from mice treated with either TMPD or mineral oil by real-time PCR. Mx1 expression was
significantly higher in TMPD versus mineral oil lipogranulomas (P 	 0.0087, Mann-Whitney test). C: Mx1 expression, pooled lipogranulomas. Expression of Mx1
normalized to �-actin was measured in pooled lipogranulomas from six mice treated with TMPD and six mice treated with mineral oil. Mx1 expression (real-time PCR)
was significantly higher in TMPD versus mineral oil lipogranulomas (P 	 0.0022, Mann-Whitney test). D: Expression of other IFN-I-inducible genes, individual
lipogranulomas. Gene expression in individual lipogranulomas from representative TMPD or mineral oil mice (five lipogranulomas per mouse) was measured by
real-time PCR, normalized to �-actin. Expression of IFN-inducible genes Mx1, IRF-7, ISG-15, and IP-10 as well as TLR3 and TLR4 expression is shown. E: IL-4 expression
in pooled lipogranulomas and peritoneal exudate. Expression of IL-4 normalized to �-actin (real-time PCR) was measured in pooled lipogranulomas and peritoneal
exudate cells from four mice treated with TMPD and four mice treated with mineral oil (MO). F: Mx1 expression in the spleen. Mx1 expression normalized to �-actin
(real-time PCR) was measured in spleen cells from mice treated with mineral oil (MO, n 	 7) or TMPD (n 	 12).
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by high endothelial venules in the lipogranulomas (Figure
2), whereas it is more likely that the CCL19 was derived
from dendritic cells or stromal cells.26,27 However, further
studies are needed to verify this point. Consistent with the
high levels of CCL21 and CCL19 expression, CD4� T
cells were found in TMPD lipogranulomas along with
CD11c� dendritic cells (Figure 2, Table 3). The lipogran-
ulomas also contained CD8� T cells, but they were diffi-
cult to enumerate because the CD8 molecule was par-
tially degraded during collagenase/dispase treatment.
The lipogranulomas also expressed large amounts of
BLC (CXCL13) and by 20 weeks after TMPD treatment,
large numbers of B lymphocytes were found in them
(Figures 1 and 2, Table 3). At 12 weeks, the numbers of
B cells in the peritoneal exudates of TMPD- or mineral
oil-treated mice were substantially lower than the usual
numbers of resident peritoneal B cells, suggesting that
the peritoneal B cells may home to the lipogranulomas or
perhaps undergo apoptosis. In some TMPD (but not min-
eral oil) lipogranulomas discrete zones containing T cells/
dendritic cells and B cells were seen, reminiscent of the
characteristic architecture of secondary lymphoid tissue.
Finally, we have found evidence of somatic hypermuta-
tion of immunoglobulin variable region genes and clonal
expansion of B cells in TMPD-induced lipogranulomas
(D.C. Nacionales et al, manuscript in preparation).

Lymphoid neogenesis is associated with humoral au-
toimmunity in a variety of human diseases, although so
far it has not been implicated in SLE.6,9 In idiopathic
autoimmune diseases, such as autoimmune thyroiditis,
myasthenia gravis, multiple sclerosis, Sjogren’s syn-
drome, and rheumatoid arthritis,7–10 the stimulus initiating
development of ectopic lymphoid tissue is unknown. In
the case of ectopic lymphoid tissue in chronic hepatitis C
infection or Helicobacter pylori infection, the stimulus for
lymphoid neogenesis and autoimmunity is chronic micro-
bial infection.28–31 The characteristics of ectopic lym-
phoid tissue at different locations can vary. Follicular
dendritic cells are prominent in the ectopic lymphoid
tissue developing in response to H. pylori infection but
there is little expression of CCL21,29 in contrast to the
situation in TMPD-induced lymphoid neogenesis. A sim-
ilar pattern occurs in rheumatoid synovium,10,32,33 al-
though CCL21 is expressed when ectopic germinal cen-
ters develop,32 as in TMPD-induced tertiary lymphoid
tissue. The expression of CXCL13 (BLC) is nearly ubiq-
uitous in all forms of lymphoid neogenesis. It has been

proposed that B-cell maturation (clonal expansion and
immunoglobulin somatic hypermutation) is not necessar-
ily restricted to germinal centers, and may occur wher-
ever B cells are stimulated to undergo a substantial num-
ber of cell cycles under conditions in which antigen- and
T cell-derived signals are present.34 Clonal expansion
and somatic hypermutation have been reported in ec-
topic lymphoid tissues associated with autoimmune dis-
ease9,10 and is also seen in TMPD-induced lymphoid
tissues (D.C. Nacionales et al, unpublished data). The
expression of CCL21 and/or CCL19 and the recruitment
of T cells and dendritic cells may be one of the factors
determining whether or not autoimmunity develops. In the
case of intraperitoneal mineral oil injection, CCL21/
CCL19 expression was lower, few T cells were present in
the ectopic lymphoid tissue, and an abortive form of
autoimmunity develops.16 The high expression of CCL21/
CCL19 in tertiary lymphoid tissue induced by TMPD and
the relatively large numbers of T cells present (Figures 1
and 2, Table 3) may help convert preautoimmunity (min-
eral oil) to autoantibody production with full-blown auto-
immune disease (TMPD).

Ectopic lymphoid tissue induced by TMPD contained
numerous activated (CD86�) dendritic cells, including
both myeloid dendritic cells producing IL-12 and
PDCA-1� plasmacytoid dendritic cells (Figure 4). Local
production of IFN-I (Figure 6) is likely to have played a
role in the maturation of myeloid dendritic cells in TMPD-
induced lymphoid tissue.35 IL-12, a key product of my-
eloid dendritic cells,36 is greatly overproduced in the
peritoneal cavities of mice treated with TMPD and other
lupus-inducing hydrocarbons in comparison with mineral
oil-treated mice.16 The severity of lupus induced by
TMPD is diminished in IL-12-deficient mice,37 suggesting
that one of the mechanisms by which TMPD causes lupus
is by promoting the IFN-I-mediated maturation of myeloid
dendritic cells.

This study provides the first evidence that certain types
of ectopic lymphoid tissues can produce high levels of
IFN-I, as also seen in inflamed lymph nodes.38 IFN-I
production can be difficult to assess because there are
14 or more different IFN-I isoforms. The specificity of
ELISAs for IFN-I depends on the detection antibodies.39

Measurement of serum IFN-I levels by ELISA is unreliable
in lupus because of the presence of circulating rheuma-
toid factor in 20 to 30% or more of SLE sera.40 Rheuma-
toid factor can cross-link the two antibodies used in

Figure 7. IFN-I and IL-12 production by CD11c� peritoneal cells. A: Reduced TLR ligand stimulated Mx1 expression after depleting CD11c� cells. Unfractionated
peritoneal exudate cells and peritoneal exudate cells depleted of CD11c� cells (magnetic beads) were treated with LPS (10 �g/ml), CpG ODN no. 1826 (10
�g/ml), or poly (I:C) (50 �g/ml) for 4 hours before extracting RNA. Mx1 expression was quantified by real-time PCR (normalized to �-actin). B: Reduced TLR
ligand stimulated IL-12 production after depleting CD11c� cells. CD11c� cells from peritoneal exudate of a mouse treated 5 months previously with TMPD were
depleted with magnetic beads, and TNF-� (left) and IL-12 (right) production in culture supernatants in response to LPS (10 �g/ml) or CpG DNA (10 �g/ml ODN
no. 1826) were determined 24 hours later by ELISA.
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sandwich-type assays leading to a high frequency of
false-positives.41 Moreover, it is technically difficult to
measure IFN-I production by small numbers of dissoci-
ated lipogranuloma cells without stimulation (eg, by LPS).
For all of these reasons, we used expression of the IFN-
I-inducible gene Mx1 as a bioassay for signaling medi-
ated by the binding of any of the IFN-I isoforms to the type
I interferon receptor. This approach has been shown
previously to accurately reflect IFN-I production.42 We
confirmed that Mx1 gene expression was dependent on
and specific for IFN-I (Figure 5, B and C) and that the
expression levels of Mx1 and IRF-7 (a second IFN-induc-
ible gene) were highly correlated (Figure 5E). Finally, we
showed that Mx1 was expressed by all of the major cell
types present in the peritoneal exudate and lipogranulo-
mas (Figure 5F). This result was not unexpected because
all of these cell types express type I IFN receptors. Thus,
measurement of the expression of IFN-I-inducible genes,
such as Mx1, appears to provide a reasonable estimate
of IFN-I production.

Along with high Mx1 expression, other IFN-I-inducible
genes were expressed by the peritoneal exudate cells
and lipogranulomas from TMPD-treated mice at levels
50- to 100-fold higher than seen in mineral oil-treated
mice (Figures 5 and 6) and peritoneal lavage fluid from
TMPD-treated mice contained high levels of IFN-� by
ELISA (Figure 5A). Intraperitoneal IL-6 and IL-12 produc-
tion also were greatly increased in TMPD versus mineral
oil-treated control mice (Figure 5A). We previously
showed that IL-12 is produced at substantially higher
levels in the peritoneal cavity in TMPD versus mineral
oil-treated mice.16 Thus, like IL-12 (Figure 4D), IFN-I ap-
pears to be a specific feature of the local inflammatory
response to TMPD (Figures 5 and 6). Despite the extraor-
dinarily high expression of Mx1 and other IFN-I-inducible
genes in TMPD lipogranulomas, there was very little IL-4.
IL-4 and IFN-� were expressed at comparable levels in
peritoneal exudate and lipogranulomas from TMPD ver-
sus mineral oil-treated mice (Figures 4 and 6E), indicat-
ing that TMPD does not stimulate cytokine production
nonspecifically. Interestingly, although the expression of
IL-6 mRNA in TMPD versus mineral oil lipogranulomas
was similar (Figure 4D), protein expression was higher in
TMPD peritoneal washings (Figure 5), suggesting that
TMPD may stimulate IL-6 production outside the
lipogranulomas.

Because TMPD promotes the development of an IL-6-
and IL-12-dependent lupus-like autoimmune syndrome in
mice,11,12,37,43,44 whereas medicinal mineral oil does
not,16 it is of interest to speculate on how IFN-I also might
promote lupus. The gene expression profile in TMPD-
elicited peritoneal cells and lipogranulomas (Figures 5
and 6) is consistent with the IFN signature reported re-
cently in SLE.17,18 In humans, IFN-� treatment can induce
antinuclear antibodies or even lupus45,46 and IFN-I ex-
pression is increased in lupus skin lesions.47 In NZB
mice, autoimmune hemolytic anemia is milder in the ab-
sence of IFN-I signaling48 and (NZB � NZW)F1 mice
develop a lupus-like syndrome that is accelerated by
IFN-�.49 We have shown previously that TMPD exposure
greatly accelerates the onset of lupus and disease se-

verity in NZB/W mice.50 In light of the exacerbation of
disease in NZB/W mice treated with IFN-�,49 it is likely
that the chronic IFN-I production stimulated by TMPD
also can accelerate lupus. However, despite the evi-
dence that IFN-I production is linked with SLE, not all
patients treated with IFN-� develop lupus and treatment
of BALB/c mice with IFN-� does not induce lupus.49

Thus, other factors are likely to act in concert with IFN-I to
cause lupus. We propose that local IFN-I production
within ectopic lymphoid tissue (and outside of authentic
germinal centers) may be important, perhaps by enhanc-
ing the activation, or inhibiting the censoring, of autore-
active B cells arising as part of a germinal center-like
reaction taking place within ectopic lymphoid tissue.34

IFN-I enhances dendritic cell maturation and mediates
the action of oil adjuvants (eg, incomplete Freund’s ad-
juvant) by enhancing the development of immature
(tolerogenic) dendritic cells into mature (immunostimula-
tory) dendritic cells expressing high levels of CD86.51–55

It also has important effects on B-cell differentiation into
plasma cells,56 isotype switching,51,57 and the survival of
antigen-activated T cells.58 Switching to IgG2a, the pre-
dominant isotype of autoantibodies in murine lupus, is
enhanced by IFN-�57 as is the establishment of B-cell
memory.51 IFN-I production in lipogranulomas also could
promote lupus by increasing B-cell expression of BLyS
and APRIL, leading to CD40-independent immunoglob-
ulin class switching and plasma cell differentiation.51,59

Thus, IFN-I may promote autoimmunity by several mech-
anisms. The TMPD lupus model affords a means of ex-
amining the interrelationships between lymphoid neogen-
esis, chronic inflammation, and IFN-I production in the
pathogenesis of SLE and other autoimmune diseases.
Inflammatory lesions closely resembling those seen in the
peritoneal cavity of TMPD- or mineral oil-treated mice
develop in humans who ingest or inhale mineral
oil.21,22,60,61 However, it remains to be determined
whether ingestion or aspiration of TMPD can trigger lupus
in either humans or mice or whether the development of
lupus is linked specifically to peritoneal exposure. Stud-
ies to address this question are in progress.
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