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Abstract
Tetramethylpentadecane (TMPD, or commonly known as pristane)-induced lupus is a murine model
of systemic lupus erythematosus (SLE). Renal disease and autoantibody production strictly depend
on signaling through the interferon (IFN)-I receptor. The major source of IFN-I is immature
monocytes bearing high levels of the surface marker Ly6C. Interferon production is mediated
exclusively by signaling through TLR7 and the adapter protein MyD88. It is likely that endogenous
TLR7 ligands such as components of small nuclear ribonucleoprotein complexes are involved in
triggering disease. Lupus autoantibodies are produced in ectopic lymphoid tissue developing in
response to TMPD. This model is well suited for examining links between dysregulated IFN-I
production and the pathogenesis of human SLE, which like TMPD-lupus, is associated with high
levels of IFN-I.

The immunological effects of TMPD (pristane]
The naturally occurring hydrocarbon oil TMPD (2,6,10,14-tetramethylpentadecane), more
commonly known as pristane, induces chronic inflammation when introduced into the
peritoneal cavity. Over the past 15 years, it has been found that the inflammatory response to
TMPD causes a lupus-like disease in mice. The mechanisms involved in TMPD-lupus are
coming into clearer focus and may be highly relevant to human systemic lupus erythematosus
(SLE), an immune disorder increasingly linked to the overproduction of the type 1 interferons
(IFN) α and β.

Inflammatory and carcinogenic properties of medium-length alkanes
Pristane (TMPD) is an isoprenoid alkane found in small quantities in many plants and thought
to be derived primarily from the metabolism of phytol, a ubiquitous ester of chlorophyll.
Relatively high levels are also found in various marine organisms, including algae and
zooplanktonic copepods, which can convert phytol from their diet to pristane [1]. It is
concentrated to remarkable levels in the livers of various planktivorous sharks. TMPD also
occurs in crude oils and is a common constituent of mineral oil, a byproduct of the fractional
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distillation of petroleum containing straight- and branched-chain paraffinic, naphthenic, and
aromatic hydrocarbons with 15 or more carbons and boiling points between 300−600° C.
Medicinal (pharmaceutical or food grade) mineral oils, which are free of aromatic and
unsaturated compounds, are used as laxatives, protective coatings for foods, and in cosmetics.
For instance, canned sardines contain up to 370 mg/kg and white bread up to 550 mg/kg of
mineral oil [2,3]. Dietary exposure to mineral oil is estimated at 9−45 grams per year, some of
which is absorbed through the intestine [4]. Intestinal absorption of dietary mineral oil is
thought to be responsible for the formation of “lipogranulomas” (follicular lipidosis) seen in
the liver, spleen, lymph nodes, and other organs of most individuals living in developed
countries [5-7]. In 1962, Potter reported that mineral oil induces plasmacytomas in BALB/c
mice following intraperitoneal injection [8]. The most active component of mineral oil is
TMPD [9] (Figure 1A). Plasma cell tumors arise in structures termed “lipogranulomas”, which
represent a chronic inflammatory response to the hydrocarbon (Figure 1B). TMPD-induced
plasmacytomas have been studied extensively as a model of multiple myeloma [10].

Adjuvant properties
Hydrocarbons can induce inflammation and enhance immune responsiveness. Medium-length
straight chain hydrocarbons (optimum ∼12 carbons) are the most potent adjuvants [11]. In
humans, inadvertent cutaneous injection of these hydrocarbon oils leads to an intense
inflammatory reaction, often with skin necrosis, permanent loss of hand function, or the need
for amputation of affected digits [12]. Similarly, aspiration of mineral oil causes “lipoid
pneumonia” [13], an inflammatory lesion of the lung closely resembling murine
lipogranulomas (Figure 1C), and ingestion of mineral oil induces similar lesions in lymph
nodes or along the walls of hepatic venules in human livers [14]. At present, the clinical
significance of these lesions, which can raise suspicion of an infection or neoplasm, is
unknown. However, epidemiological studies suggest that occupational exposure to mineral oil
or petroleum waste is associated with rheumatoid arthritis and possibly lupus [15,16]. In
addition, the production of antinuclear antibodies is common in farmed salmon receiving
vaccines containing mineral oil adjuvants [17]. Thus, there is evidence that the adjuvant
properties of certain hydrocarbons can precipitate inflammatory or autoimmune disease in
humans and animals.

Autoantibodies in TMPD-treated mice
Consistent with the evidence that exposure to adjuvant hydrocarbons may provoke
inflammatory or autoimmune responses in humans, BALB/c mice injected intraperitoneally
(i.p.) with TMPD develop a local inflammatory response (lipogranulomas) and an erosive
arthritis resembling rheumatoid arthritis (RA) [18] and TMPD was subsequently found to
induce autoantibodies and the clinical manifestations of SLE [19].

Susceptibility to TMPD-lupus among non-autoimmune prone mice is widespread [20]. The
primarily IgG autoantibodies induced by TMPD, all of which are associated with SLE, are
targeted to a variety nuclear components including double-stranded (ds) DNA, single-stranded
(ss) DNA, chromatin, Sm, RNP, Su, and ribosomal P. TMPD also causes polyclonal
hypergammaglobulinemia, another immunological feature of SLE, which is in part a response
to sustained cytokine production stimulated by TMPD.

Although TMPD induces autoantibodies against type II collagen and rheumatoid factor [21],
lupus autoantibodies (anti-Sm, RNP, dsDNA, chromatin, ribosomal P, and Su (argonaute 2)
are produced at much higher levels [19] (Table 1). Although there are strain differences,
autoantibody responses are largely restricted to this limited repertoire of specificities. A single
i.p. dose of TMPD leads to autoantibodies against the U1 small nuclear ribonucleoprotein (U1
snRNP, RNP, and-or Sm antigens), and Su autoantigen in 50−90% of BALB/c mice over 4−6
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months and against dsDNA at 6−10 months [19,22]. Titers of anti-U1 snRNP autoantibodies
are as high as 1 to 1 million . Incomplete Freund's adjuvant, hexadecane (a component of
tobacco smoke, diesel fumes, gasoline, and jet fuel to which human exposure is common), and
squalene (a metabolite of the cholesterol biosynthetic pathway found at high levels in shark
liver and used as an adjuvant for human vaccines) induce a similar spectrum of autoantibodies,
but less efficiently than TMPD [23]. In contrast, medicinal mineral oil does not induce these
autoantibodies [24]. Autoantibody production is independent of exogenous microbes, as germ-
free mice are susceptible [25]. Thus, the ability of TMPD to induce autoimmunity does not
rely on microbial “danger signals” recognized by pattern receptors of the innate immune
system, such as Toll-like receptors (TLRs), suggesting that the ability of these substances to
break tolerance is truly endogenous.

Autoantibodies against the U1, U2, U4−6, and U5 small nuclear ribonucleoproteins (snRNPs)
are strongly linked to SLE, and anti-Sm antibodies (recognizing the Sm core proteins of U1-
U6 snRNPs) are pathognomonic (Figure 1D) [26]. Anti-nRNP antibodies, which are less lupus-
specific than anti-Sm, recognize the U1-A, U1-C, and U1−70K components of U1 snRNPs.
Anti-dsDNA and anti-ribosomal P0, P1, or P2 autoantibodies, like anti-Sm, are lupus-specific
in humans. Autoantibodies to the Su antigen (identified as the micro-RNA associated protein
argonaute 2), occur in SLE and other systemic autoimmune disorders [27]. These IgG
autoantibodies do not develop in BALB/c nu/nu (nude) mice or T-cell receptor deficient
(C57BL6 TcRβ−/−, TcRδ −/−) mice following TMPD treatment [28,29], but IgM rheumatoid
factor production is T-cell independent [30]. Thus, the lupus-specific, but not RA-associated,
autoantibodies induced by TMPD are derived primarily from class-switched (IgG2a)
producing B cells requiring T cell help for their generation. In view of the striking
predominance of IgG2a autoantibodies, the cytokines IFNγ (produced by T helper 1 cells),
IFNα, and IFNβ are strongly implicated in their pathogenesis.

Effects of cytokines
Along with the Type I interferons (IFN) α and ß (see below), IL-6, IFNγ, and IL-12 promote
autoantibody production in TMPD-lupus. IL-6 deficiency abrogates the induction of IgG anti-
DNA and chromatin, but not anti-Sm, RNP, or Su autoantibodies by TMPD [31]. IFN. deficient
mice are resistant to the induction of IgG anti-chromatin autoantibodies, but still produce IgG2a
anti-Sm or RNP. In addition to IFN., IFNα, and ß signaling is essential for anti-Sm or RNP
autoantibodies [32] (see below) and also promotes switching to IgG2a. Furthermore there is
cross-talk between the IFNγ, ß, γ, and IL-6 signaling pathways [33,34]. Since mice deficient
in the Type I interferon receptor (IFNAR) do not exhibit increased IL-12 levels following
TMPD treatment [32], IL-12 and IFNγ is probably downstream of IFNβ and ß signaling. As
noted above, other hydrocarbons such as hexadecane, squalene, and Freund.s incomplete
adjuvant can induce a similar spectrum of autoantibodies [23,35]. Their ability to promote
autoantibody production correlates with the ability to stimulate release of IFN-I producing cells
from the bone marrow (Figure 2A).

Autoimmune disease in TMPD-treated mice
TMPD treated mice develop clinical manifestations of lupus, including arthritis, immune
complex-mediated glomerulonephritis, and pulmonary capillaritis as well as autoantibodies.
Inflammation of the pericardium and pleura also occurs, but it is unclear whether this is
autoimmune in origin. SLE is a human syndrome classified using a set of 11 criteria and TMPD-
treated mice meet these criteria (Table 2). As in TMPD lupus [36], human SLE is primarily a
disease of females (female : male ratio ∼9 : 1).
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Arthritis
TMPD and other hydrocarbons cause arthritis in mice [21]. BALB/cJ and DBA/1 mice develop
synovial hyperplasia, periostitis, and marginal erosions reminiscent of RA following
intraperitoneal TMPD injection [18,21]. TMPD, hexadecane, squalene, and mineral oil also
induce arthritis in Lewis and Dark Agouti rats. Arthritogenicity correlates with adjuvanticity
with unbranched alkanes ≥12 carbons generally being more arthritogenic [11]. The arthritis
might be TNFα-mediated, since disease is ameliorated by TNF inhibitors [37]. In general, lupus
arthritis is not erosive, although in some cases an erosive arthritis similar to RA is seen. These
individuals are thought to have an overlap syndrome with features of both disorders. The nature
of the joint disease in TMPD-treated mice suggests that the autoimmune disorder could be
something akin to this so-called “rhupus” syndrome.

Glomerulonephritis
TMPD induces immune complex-mediated glomerulonephritis in BALB/c and SJL mice,
which develop glomerular IgG and complement deposits, cellular proliferation, and
proteinuria; C57BL/6 mice develop milder (mesangial, Class II) disease [22,38,39]. In BALB/
c and SJL mice, mesangial immune complex deposition is followed by subendothelial lesions
consistent with diffuse proliferative (Class IV) lupus nephritis [22]. IL-6 [31], IFNγ[40], and
IL12p35 [41] deficient mice are highly resistant to the induction of renal disease. IFNα/β
receptor deficient (IFNAR−/−) mice also have greatly decreased proteinuria but unchanged
glomerular immune complex deposition following TMPD injection [32]. Although
IFNAR−/− mice produce antinuclear antibodies, the major lupus specificities, including anti-
DNA (implicated in the pathogenesis of lupus nephritis), are absent. A similar picture is seen
in NZB/W mice deficient in the common γ-chain of the stimulatory Fcγ receptors [42]. These
mice developed anti-DNA antibodies and also had extensive immune complex deposits, but
were protected from severe nephritis, probably due to suppression of the renal inflammatory
response to immune complexes. Interestingly, in TMPD-treated IFNAR−/− mice glomerular
cellularity is reduced compared to untreated control levels, suggesting that IFNAR signaling
may drive renal inflammation. Consistent with this possibility, increased glomerular
expression of IFN-I has been noted in active human lupus nephritis [43]. An influx of
monocytes is thought to play a significant role in the pathogenesis of human and murine lupus
nephritis [44]. As several of the key chemokines involved in monocyte recruitment are products
of IFNα and ß-inducible e.g. CCL2 (MCP-1) and/or IFNγ-inducible (e.g. IP-10) genes,
decreased production by glomerular cells in response to immune complexes could modulate
the severity of renal disease in IFNAR−/− and IFNγ−/− mice.

Pulmonary vasculitis
TMPD-treated C57BL/6 and C57BL/10 mice often develop pulmonary hemorrhage
resembling that seen in SLE; 0−50% die, depending on housing or other factors [39,45]. All
TMPD-treated C57BL/10 mice develop pulmonary capillaritis with perivascular infiltrates of
macrophages, neutrophils, lymphocytes, and eosinophils and there is endothelial activation,
but not immune complex deposition [39]. Vasculitis is restricted to the lung and anti-neutrophil
cytoplasmic antibodies (ANCA) are not produced [39].

TMPD induction of SLE: relevance to human disease
Animal models are useful if they reproduce all or some of the clinical features of a disease.
SLE is a syndrome (not a disease) and is defined clinically as a constellation of ≥4 of 11
classification criteria. NZB/W mice, a standard lupus model, meet three criteria:
glomerulonephritis, anti-nuclear antibodies (ANA), and anti-dsDNA antibodies (Table 2).
TMPD-treated BALB/c mice have less severe glomerulonephritis (3−4+ proteinuria,
proliferative changes) [22], arthritis [18,21], ANA, and diverse lupus autoantibodies, including
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anti-dsDNA and anti-Sm [19]. Thus, in terms of the lupus criteria, the TMPD-lupus is as good
as or better than the NZB/W model (Table 2). Moreover, TMPD-lupus is associated with
abnormal production of IFNα and ß, which appears to have a central role in SLE (see below).

Like human SLE, NZB/W lupus is genetically-mediated. In contrast, TMPD induces lupus in
mice that are not genetically prone to the disease. Thus, although genetic factors mediate
susceptibility to TMPD-induced disease [21,46], TMPD-lupus is not a suitable model for
identifying the genetic abnormalities involved in spontaneous lupus. However, if IFN-I
overproduction is central to the pathogenesis of the disease, as suggested by the induction of
lupus following IFNα therapy in humans [47,48] and the elevated interferon levels in SLE
patients, it is reasonable to suppose that the pathways mediating TMPD-lupus might be relevant
to a subset of human SLE. . TMPD-lupus is advantageous since the role of complex signaling
pathways regulating IFN-I production can be examined readily using gene targeting and gene
expression techniques. Thus, neither the NZB/W nor the TMPD model completely reproduces
human lupus, but both exhibit important similarities to SLE.

The role of Type I interferon (IFN-I) in SLE
IFN-I is increasingly recognized as a key mediator of SLE. The IFN-I family includes multiple
IFNα subtypes and IFNβ, all binding the same IFNAR (receptor) complex [49]. Initially
described for its anti-viral effects, IFN-I links innate and adaptive immunity. Details of IFN-I
biology and functions have been reviewed [49] and will not be discussed further. Elevated
serum IFN-I was noted in SLE patients 30 years ago [50] and interest in the antiviral cytokine
family has revived with recognition that an “interferon signature” is associated with lupus.
Microarray and quantitative PCR studies have identified numerous interferon-stimulated genes
(ISGs) over-expressed in the peripheral blood of many SLE patients [51,52]. This gene
expression program is associated with disease severity, nephritis, and autoantibodies against
dsDNA and Sm or RNP [53-55]. In NZB/W mice, glomerulonephritis, ANA and anti-dsDNA
antibody production are accelerated by exogenous IFNα[56], whereas deletion of IFNAR in
NZB and B6.Nba2 mice slows disease progression and enhances survival [57,58]. TMPD-
lupus uniquely exhibits the interferon signature and might therefore be the most suitable animal
model for examining the IFN-I dysregulation seen in SLE [reviewed in [59]].

IFN-I production in TMPD-lupus
Ectopic lymphoid tissue forming in TMPD-lupus (see below) displays increased expression
of many ISGs including Mx-1, IRF7, ISG15, and IP-10 [60]. This is not observed in ectopic
lymphoid tissue from mice treated with medicinal mineral oil, which does not induce lupus.
The IFN signature is also seen in the peripheral blood of TMPD-treated wild type, but not
IFNAR−/− mice [32]. Although IFN-I has been implicated in spontaneous murine lupus
[56-58], TMPD-lupus is the first model shown to recapitulate the IFN signature found in more
than half of SLE patients.

IFN-I has a profound effect on the pathogenesis of TMPD-lupus. In IFNAR−/− mice,
autoantibodies against DNA, chromatin, RNP, Sm, and Su are not produced and the severity
of glomerulonephritis is reduced markedly [32]. Similar findings were reported recently in
mice deficient in IRF9 or STAT1, two key signaling molecules downstream of the IFNAR
[61]. Curiously, TMPD-treated IFNAR−/− mice develop low titer ANA of unknown specificity
[32]. These IFN-I-independent ANA might be analogous to the ANA in a subset of healthy
humans who have neither IFN-I dysregulation nor manifestations of lupus [55]. Interestingly,
IFNAR−/−mice develop glomerular immune deposits but not proteinuria, perhaps because
inflammatory monocytes are recruited to the kidney by IFN-I-inducible chemokines (e.g.
CCL2).
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Although autoantibodies develop 3−4 months after TMPD injection, IFN-I production is
established within two weeks [62], at which time circulating lymphocytes (in C57BL/6 and
129/Sv strains) express high levels of the ISG Sca-1 on their surface, consistent with a systemic
increase in IFN-I [63]. In contrast, Sca-1 is absent in mice treated with mineral oil or squalene.

Immature monocytes are a major source of IFN-I in TMPD-lupus
Although plasmacytoid dendritic cells (PDCs) are thought to be the primary source of IFN-I
in both healthy individuals and in SLE [64], their role might be limited in TMPD-lupus as their
depletion has little effect on IFN-I or ISG expression [62]. Instead, inflammatory monocytes
expressing high levels of Ly6C are a major source of IFN-I (Figure 2A). The function of Ly6C,
which is expressed by mice but not humans, is unclear. High levels of Ly6C expression
characterize monocytes that are newly released from the bone marrow, and expression is
normally down-regulated as these cells transit through the blood [65]. However, Ly6Chi

monocytes accumulate in the inflamed peritoneum [66] and in inflammatory atherosclerotic
plaques [67,68], and they also transport Listeria monocytogenes bacteria to the brain during
systemic infection in mice [69]. However, Ly6Chi monocytes do not appear to produce IFN-I
constitutively, and it is not known whether they produce it in inflammatory conditions other
than the TMPD-inflamed peritoneum.

Normally absent in the peritoneal cavity, Ly6Chi monocytes are attracted by CCL2, and
comprise ∼30% of peritoneal exudate cells (PECs) two weeks after TMPD injection. Their
depletion with clodronate-containing liposomes rapidly eliminates the IFN-I signature [62].
They also accumulate in ectopic lymphoid tissue induced by TMPD (but not mineral oil or
squalene) (Figure 2A). In contrast, medicinal mineral oil stimulates an influx of Ly6Chi

monocytes into the peritoneal cavity, which rapidly mature into Ly6C−F4/80+ monocyte/
macrophages with abundant cytoplasm and prominent phagosomes [62]. These more mature
cells are nearly absent in TMPD-treated mice. Other populations of peritoneal cells (e.g.
mesothelial cells) also can express IFN-I, but whether it suffices to induce lupus remains to be
determined.

Mechanism of IFN-I production
The mechanism(s) of IFN-I over-production in SLE is a topic of ongoing research. Mammalian
cells utilize several innate receptors to initiate IFN-I production in response to pathogen-
associated molecular patterns [70] (Figure 2B). TLR7 and -8, which recognize viral ssRNA,
and TLR9, a sensor for unmethylated CpG DNA, have received considerable attention due to
their ability to recognize endogenous nucleic acids [71-73]. These endosomal TLRs trigger
IFN-I secretion via the adaptor molecule MyD88 [70]. In contrast, TLR3 and TLR4 mediate
IFN-I production through the adapter protein TRIF upon encountering dsRNA or
lipopolysaccharide, respectively [70]. In the cytoplasm, viral RNA binds to the intracellular
pathogen sensors RIG-I or MDA-5 to trigger IFN-I activation via the adapter protein IPS-1,
whereas cytoplasmic DNA activates a TBK-1-dependent pathway [70].

Using mice deficient in components of these four pathways, TMPD was found to elicit IFNI
production exclusively through the TLR7-MyD88 pathway [63]. Accumulation of Ly6Chi

monocytes and anti-RNP, -Sm, or -Su autoantibody production are abolished in the absence
of MyD88 or TLR7. Similar to their IFNAR−/− counterparts, TLR7−/− mice are protected from
glomerulonephritis [74]. Peritoneal Ly6Chi monocytes express high levels of TLR7, consistent
with their role as major IFN-I producing cells. The effects of TMPD are augmented further by
TLR7 gene duplication in Y-linked autoimmune accelerated (Yaa) mutant mice [75], making
these male mice (with two active copies of TLR7) more sensitive to the effects of TMPD than
female mice (with a single active copy) [63]. Mortality from renal disease in Yaa mutant mice
is greatly accelerated when they are treated with TMPD. Other TLRs and cytoplasmic nucleic
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acid sensors are dispensable for IFN-I production, as deficiency of TRIF, IPS-1, or TBK-1 has
no effect on TMPD-lupus.

It has been hypothesized that aberrant clearance of apoptotic or necrotic cells in SLE results
in formation of immune complexes consisting of autoantibodies and RNA- or DNA- containing
autoantigens [76]. In vitro, Fcγ receptors (FcγR) on PDCs mediate the transport of DNA- or
RNA-containing immune complexes into endosomes, allowing the activation of TLR7, -8, or
-9 by internalized endogenous nucleic acids [77,78]. This implies that generation of
autoantibodies against RNA-containing autoantigens (such as the U1 snRNP) is a prerequisite
for chronic IFN-I production. In TMPD-lupus, however, IFN-I production occurs long before
the appearance of anti-dsDNA or anti-nRNP or Sm autoantibodies. Moreover, intact production
of IFN-I and autoantibodies in FcγR-deficient animals excludes a major role of immune
complexes in the initial generation of interferon responses [63,79]. Together with the absence
of autoantibody production in IFNAR−/− mice, these data indicate an upstream effect of IFN-
I on autoantibody production, a view also supported by the development of autoantibodies in
patients treated with recombinant IFNα[48]. Dependence of lupus autoantibodies on IFN-I
signaling also has been shown in other lupus models [57,58].

The exact mechanism of TMPD-induced TLR7 activation is undefined. The chemical structure
of TMPD (Figure 1A) is distinct from known TLR7 ligands and TMPD is not a TLR7 ligand
[63]. Instead, TMPD (but not mineral oil or squalene) enhances the stimulatory effects of TLR7
ligands. TMPD might augment the response to endogenous TLR7 ligands such as the U1 RNA
component of Sm or RNP antigen (Figure 1D). Alternatively, incorporation of TMPD into the
cell membrane might disturb the endosomal location of TLR7, providing access to endogenous
ligands [80]. TMPD might also interfere with degradation of cellular debris, increasing the
availability of endogenous nucleic acids. However, neither TLR7 localization nor cellular
endocytosis or phagocytosis is affected by TMPD treatment [63]. Moreover, TMPD does not
up-regulate TLR7 expression. Interestingly, its ability to promote autoantibody production
requires Fas-Fas ligand signaling [45]. Although C57BL/6 (B6) mice are susceptible to TMPD-
lupus, both B6-lpr/lpr (Fas deficient) and B6-gld/gld (Fas ligand deficient) mice are highly
resistant, raising the possibility that Fas-mediated apoptosis might generate endogenous TLR7
ligands.

In summary, TMPD-lupus uniquely recapitulates the “interferon signature” human SLE. IFN-
I is essential to disease development and is elicited through a TLR7-MyD88-dependent, but
FcγR-independent pathway. Thus, although not suitable for defining lupus genetics, TMPD-
lupus allows temporal assessment of the upstream and downstream effects of IFN-I
dysregulation and is well-suited for evaluating therapies targeting components of the TLR7-
MyD88-IFN-I pathway.

Lymphoid neogenesis
Association of lymphoid neogenesis with autoimmunity

Although originally termed “lipogranulomas”, the inflammatory lesions arising in response to
the presence of TMPD within the peritoneal cavity actually represent a striking example of
lymphoid neogenesis [60]. Lymphoid neogenesis, the formation of ectopic lymphoid tissue at
sites of inflammation [81], is strongly associated with autoantibody production [82]. Ectopic
lymphoid tissue closely resembles secondary lymphoid tissue and arises by a similar
developmental pathway. It frequently exhibits compartmentalization into discrete B-cell zones
and T-cell and dendritic cell areas vascularized by high endothelial venules (HEV).
Organization of this tissue is directed by the lymphoid chemokines CCL19 (ELC), CCL21
(SLC), CXCL12 (SDF-1), and CXCL13 (BLC) [82]. Ectopic lymphoid tissue forms when the
immune response fails to eliminate pathogens, such as hepatitis C or Helicobacter pylori and
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also is common in autoimmune diseases such as Hashimoto's thyroiditis, Sjögren's syndrome,
and RA [82].

An important issue is whether ectopic lymphoid tissue is a site of class switching, somatic
hypermutation, and autoantibody generation. Lymphocytic foci in rheumatoid synovium
exhibit restricted κ-light chain rearrangements and evidence of somatic hypermutation [83,
84]. Removal of self-reactive B-cells might be inefficient in ectopic lymphoid tissue [85], and
B-cells specific for the Ro (SS-A) and La (SS-B) ribonucleoprotein autoantigens can be
detected in the salivary glands of patients with Sjögren's syndrome, rheumatoid factor-specific
B-cells in rheumatoid synovium [86,87], and anti-nRNP specific B-cells in TMPD
lipogranulomas (see below). Cytokines produced in the ectopic lymphoid tissue [60] might
play a role in autoantibody production, since IFNα or β and IL-6 promote plasma cell
development [88].

Antigen specific B-cell responses in TMPD-induced ectopic lymphoid tissue
Ectopic lymphoid tissue in the peritoneum of TMPD-treated mice is a site of substantial IFN-
I production [60] (Figures 2A). Pathological analysis of TMPD-induced
“lipogranulomas” [89] reveals the development of B, T, and dendritic cell zones, HEVs and
the expression of CXCL13, CCL19, and CCL21 consistent with lymphoid neogenesis [60].
Lipogranulomas afford an opportunity to explore whether antibody responses develop within
the ectopic lymphoid tissue or if B-cells only migrate there secondarily.

Following primary immunization with the hapten-carrier NP-KLH, NP-specific B-cells
expressing the B cell receptor heavy-chain V186.2 and related heavy chains as well as λ-light
chains accumulate in lipogranulomas [90]. In contrast to the diverse heavy-chains found in
lipogranulomas from un-immunized mice, heavy-chain sequences from individual
lipogranulomas isolated 12 days after primary immunization are derived from unique oligo-
or monoclonal populations of NP-specific B-cells [90]. Heavy-chain complementarity
determining region sequences from lipogranulomas have numerous replacement mutations,
suggestive of an antigen-driven, T-cell-mediated immune response. Consistent with this
possibility, lipogranulomas from TMPD-treated mice adoptively transferred with OT-II or
DO11.10 (ovalbumin-specific, OVA) transgenic T-cells accumulate transgenic T-cells after
subcutaneous immunization with OVA [90]. The selective co-localization of proliferating,
antigen-specific T- and B-cells in lipogranulomas implicates ectopic lymphoid tissue as a
potential site of antigen-specific cognate T-B cell interactions.

Germinal center formation is associated with T-cell dependent expansion of antigen-specific
B-cells [91]. Lipogranulomas resemble germinal centers: they contain proliferating T and B
lymphocytes, express activation-induced cytidine deaminase (AID), and have class switched
B-cells [29]. Circular DNA intermediates, a hallmark of active class switch recombination, are
present, consistent with local class switching. After immunization, lipogranuloma T-cells
secrete IL-21, a mediator of plasma cell differentiation and class switching [92].

Anti-RNP autoantibody production in ectopic lymphoid tissue
The striking association between ectopic lymphoid tissue formation and autoimmunity raises
the question of whether autoantibodies are produced in the lipogranulomas. IgM and IgG
antibody forming cells (AFCs) producing autoantibodies to U1-A protein, a component of U1
snRNPs (Figure 1D), are more abundant in the ectopic lymphoid tissue than the spleen [29].
The large numbers of IgG anti-U1-A AFCs and T-cell dependence of anti-Sm and RNP
responses [28,29] suggest that post-germinal center U1-A-specific B-cells might be stimulated
to undergo plasma cell differentiation within the lipogranulomas themselves, either by
autoantigen-specific T-cells or by TLR7 ligation with the RNA components of the Sm and
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RNP antigen (Figure 1D). Another possibility is that the IgG anti-U1-A AFCs represent long-
lived plasma cells, which accumulate at sites of chronic inflammation, such as the nephritic
kidneys and spleens of NZB/W mice [93].

Summary and conclusions
TMPD-lupus is a model of SLE associated with IFN-I dysregulation. The pathogenesis of lupus
autoantibodies and glomerulonephritis in this model strictly requires IFNAR signaling. Most
of the IFN-I is produced by immature monocytes instead of PDCs, and its production is
mediated exclusively by the TLR7-MyD88 pathway. It is likely that endogenous TLR7 ligands
such as U1RNA are involved, as germ-free mice are susceptible to disease induction. However,
immune complex uptake via Fc receptors is dispensable. Autoantibody production is
concentrated in ectopic lymphoid tissue induced by TMPD. This chronic inflammatory tissue
may be a site of cognate T-B interactions, but the precise role of TLR ligand(s) and the
mechanisms responsible for dysregulation of the autoreactive B-cells remain areas of active
investigation. In light of the strong association between lymphoid neogenesis and autoantibody
formation, elucidating the pathogenesis of TMPD-lupus might have broader implications for
other autoimmune disorders, including RA, Sjögren's syndrome, and chronic hepatitis C-
induced autoimmunity.
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Glossary
ANA, antinuclear antibodies
AFC, antibody forming cell
dsDNA, double-stranded DNA
FcγR, Fcγ receptor
IFN, interferon
IFN-I, type-I interferons
IFNAR, Interferon alpha/beta receptor
i.p., intraperitoneal
IPS-1, interferon-β promoter stimulator −1
ISG, Interferon stimulated gene
MCP, monocyte chemoattractant protein
MyD88, myeloid differentiation factor 88
NZB/W, (New Zealand Black × New Zealand White) F1 hybrid mice
NP-KLH, 4-hydroxy-3-nitrophenyl acetyl-conjugated keyhole limpet hemocyanin
OVA, ovalbumin
PECs, peritoneal exudate cells
PDCs, Plasmacytoid dendritic cells
RA, Rheumatoid arthritis
SLE, systemic lupus erythematosus
snRNP, small nuclear ribonucleoprotein
TMPD, tetramethylpentadecane
TLR, Toll-like receptor
TRIF, TIR domain-containing adaptor inducing IFN-β
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Figure 1. Pathological and immunological abnormalities induced by TMPD
A. Chemical structure of 2,6,10,14-tetramethylpentadecane (TMPD, C19H40) more commonly
known as pristane. Numbers indicate carbon molecules. B. Gross pathology (left, arrows
indicate individual lipogranulomas) and microscopic pathology (formalin fixation,
hematoxylin & eosin staining, right) of ectopic lymphoid tissue in a mouse given an
intraperitoneal injection of TMPD. Low power (200x) shows numerous oil droplets and
clusters of infiltrating lymphocytes and plasma cells (indicated by arrows, inset, 400x). C.
Microscopic pathology of the lung of a patient with exogenous lipoid pneumonia due to the
aspiration of mineral oil. Left, formalin-fixed tissue with hematoxylin & eosin staining; Right,
unfixed tissue with oil red staining. Note the presence of lymphocytic infiltrates closely
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resembling those in TMPD treated mice (arrows) and the numerous oil droplets (left), which
in unfixed tissue stain intensely with oil red. D. Structure of the U1 snRNP, an autoantigen
containing immunostimulatory RNA. The U1 snRNP consists of a single molecule of U1 small
nuclear RNA. Anti-RNP and anti-Sm antibodies recognize different subsets of the proteins
bound to this RNA. Anti-RNP antibodies bind to proteins U1-A, U1−70K, and U1-C, whereas
anti-Sm antibodies bind to the Sm B’, B, D1, D2, D3, E, F, and G proteins. The purified U1
RNA is a ligand for TLR7, capable of associating with TLR7 inside of endosomes and
stimulating the production of the Type I interferons IFNα and IFNß.
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Figure 2. Pathogenesis of autoimmunity in TMPD-treated mice
A. TMPD stimulates IFNα and IFNß production by immature (Ly6Chi) monocytes. The IFN-
I inducible chemokine MCP-1 (CCL2) is produced following intraperitoneal injection of
TMPD and promotes the egress of immature monocytes bearing the markers CD11b,
Ly6Chi, Mac-3, F4/80, and CCR2 (the receptor for MCP-1) from the bone marrow. These cells
enter the circulation and are recruited to the inflamed peritoneal cavity. In mice treated with
TMPD, the Ly6Chi monocytes down-that forms in response to the hydrocarbon. These cells
persist for ∼3 days before undergoing programmed cell death (apoptosis). In mineral oil treated
mice, the Ly6Chi monocytes rapidly mature in the peritoneum to CD11b+, Ly6C−, Mac-3+,
F4/80+ cells with numerous endocytic vacuoles. In contrast to TMPD elicited monocytes, these
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cells do not produce IFNα or ß. B. IFN-I and pro-inflammatory cytokine production can be
stimulated through four main cellular pathways employing different adaptor proteins or
signaling intermediates: i.e. via TRIF (TLRs 3 and 4), MyD88 (TLRs 7, 8, and 9), IPS-1 (Rig-
I like helicases, RLH)), and TBK1 (receptor not yet clearly defined). The endosomal
recognition of unmethylated CpG motifs in DNA by TLR9 or of single stranded RNA by TLR7
or TLR8 leads to the activation of IFNα and ß gene expression via a pathway involving the
adapter protein MyD88, several kinases (not shown), and the transcription factor interferon
regulatory factor (IRF) 7. In contrast, the endosomal recognition of dsRNA by TLR3 or cell
surface recognition of lipopolysaccharide (endotoxin) by TLR4 leads to IFNα and ß gene
expression via a pathway involving the adapter protein TRIF, kinases, and the transcription
factor IRF-3. In addition to the endosomal pathways, the recognition of cytoplasmic (viral)
dsRNA by the RLH Rig-I or Mda5 leads to the activation of IFNα and ß gene expression via
the adapter protein IPS-1 and the transcription factors IRF3 and IRF7. Cytoplasmic DNA is
detected by receptors that remain to be fully elucidated and signal via the kinase TBK-1,
resulting in IFNα and ß gene expression. All these pathways converge on nuclear factor kappa
B (NFκB). The induction of IFNα and ß by TMPD relies exclusively on the TLR7-MyD88-
IRF7 pathway, whereas the other three pathways are dispensable.

Reeves et al. Page 17

Trends Immunol. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Reeves et al. Page 18

Table 1
Some autoantibodies produced by TMPD-treated mice

Autoantibody Autoantigen Nucleic acid component Frequency in BALB/c
mice

Frequency in B6 mice

Anti-Sm* U1, U2, U4-U6, and U5 snRNPs
(proteins B', B, D, E, F, G)

U1, U2, U4, U6, U5 small nuclear RNAs 20−40% 10%

Anti-RNP U1 snRNP (proteins A, C, 70K) U1 small nuclear RNA 50−90% 25%

Anti-ribosomal P* Ribosomal P0, P1, P2 proteins Ribosomal RNAs 0%1 20%

Anti-Su Argonaute 2 protein Micro-RNAs 50−70% 25%

Anti-dsDNA* Native DNA Native DNA 40% 0%

Anti-chromatin DNA-histone complexes DNA 60% 0%
*
specific for the diagnosis of SLE

1
BALB/cByJ 0%; BALB/cJ 5−10%
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Table 2
Comparison of (NZB × NZW) F1 and TMPD lupus models

  (NZB × NZW)F1 TMPD (BALB/c) TMPD (C57BL/6)

Lupus criteria* met

Immune complex nephritis +++ ++ +

Arthritis (−) ++ (−)

Serositis (−) ++ (?) ++ (?)

Antinuclear antibodies +++ +++ +++

Anti-dsDNA +++ ++ (late) (−)

Anti-Sm (−) +++ ++

Anti-RNP (−) +++ ++

Anti-ribosomal P (−) (−) ++

Other manifestations Hemolytic anemia in NZB mice None Pulmonary vasculitis

Lupus criteria not met skin, photosensitivity, mucocutaneous
ulcers, serositis, arthritis, nervous

system, cytopenias

skin, photosensitivity,
mucocutaneous ulcers, nervous

system, cytopenias

skin, photosensitivity,
mucocutaneous ulcers, arthritis,

nervous system, cytopenias

Role of IFN-I Disease is accelerated by IFN-I IFN signature is present
(peripheral blood)

IFN signature is present (peripheral
blood)

*
Criteria for the classification of SLE include malar rash, discoid rash, photosensitivity, mucocutaneous ulcers, arthritis, pleuritis/pericarditis,

glomerulonephritis, seizures or psychosis, hematological abnormalities (leukopenia, lymphopenia, thrombocytopenia), anti-dsDNA, anti-Sm, or anti-
phospholipid autoantibodies, and antinuclear antibodies.
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