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Intraperitoneal administration of tetramethylpecadentane (TMPD) causes chronic 

inflammation that result in a lupus-like disease including autoantibody production and 

lipogranuloma formation, a form of ectopic lymphoid tissue.  Although ectopic lymphoid tissue 

formation is associated with many humoral autoimmune diseases, it remains unclear whether this 

tissue has a functional role in autoimmune responses. We examined whether an immune 

response to NP-KLH develops within lipogranulomas.  Following primary immunization, NP-

specific B cells bearing V186.2 and related heavy chains as well as lambda-light chains 

accumulated within lipogranulomas.  Remarkably, the H-chain sequences isolated from 

individual lipogranulomas from these mice had unique oligoclonal populations of NP-specific B 

cells.  In mice adoptively transferred with transgenic CD4 T cells, there was a striking 

accumulation of transgenic-specific T cells in lipogranulomas after immunization.  The selective 

co-localization of proliferating, antigen-specific T and B lymphocytes in lipogranulomas 

undergoing primary immunization implicates ectopic lymphoid tissue as a site where antigen-

specific humoral immune responses can develop.   
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We demonstrated that lipogranulomas induced by TMPD not only resembles secondary 

lymphoid tissue morphologically, but also displays characteristics of germinal center reactions.  

Proliferating T and B lymphocytes, activation-induced cytidine deaminase expression, and class 

switched B cells were present within lipogranulomas.  Class-switched anti-RNP autoantibody 

producing cells were also found in the lipogranulomas.  Somatic hypermutation in the 

lipogranulomas was T cell dependent, as was the production of isotype-switched anti-Sm/RNP 

autoantibodies.   

A novel transplantation model was developed to show that lipogranulomas not only 

continues to retain its lymphoid cell components but also the ability to produce autoantibodies, 

without further TMPD treatment of recipient mice.  The donor derived anti-U1A IgG production 

in recipient mice remains elevated for up to two months post transplant.  We identified plasma 

cells from transplanted lipogranulomas as the source of secreted autoantibodies in recipients, 

even in the absence of CD4 T cells.  Our model provides direct evidence that lipogranulomas are 

not only capable of transplantable autoimmunity, but identifying long lived plasma cells within 

ectopic lymphoid tissue as the cells responsible for autoantibody production. This has 

implications for understanding the strong association of humoral autoimmunity with lymphoid 

neogenesis, which may be associated with deficient censoring of autoreactive cells 
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CHAPTER 1 
INTRODUCTION 

Chemical, Inflammatory, and Carcinogenic Properties of Hydrocarbon Oils 

Mineral oil is a byproduct of the fractional distillation of petroleum.  It is a complex 

mixture of 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 widely as 

laxatives, protective coatings for foods, and in cosmetics.  Estimates of dietary exposure to 

mineral oil in western countries range from 9-45 grams per year(1).  Some of this is absorbed 

through the intestine and can be detected in lymph nodes, spleen, liver, kidneys, and brain (2, 3)  

In 1962, Potter and associates reported that mineral oil can induce plasmacytomas in BALB/c 

mice when injected into the peritoneal cavity(4).  Subsequently, it was found that the component 

most potent in inducing plasmacytomas was pristane (2,6,10,14-tetramethylpentadecane, TMPD) 

(5).  The development of plasmacytomas following three intraperitoneal (i.p.) TMPD injections 

requires 10 months or more, is highly strain dependent (the BALB/cAnPt substrain is particularly 

susceptible), and requires IL-6 (6).  The plasmacytomas arise from plasma cells found within 

structures termed “lipogranulomas”, which represent a chronic inflammatory response to the 

hydrocarbon oil.  TMPD-induced plasmacytomas have been studied extensively as a model of 

multiple myeloma(7).  However, so far, there is little evidence that TMPD or other hydrocarbons 

can induce plasma cell neoplasms in humans. 

Adjuvant Properties of Hydrocarbon Oils  

Hydrocarbons such as turpentine and certain alkanes have been used to study inflammatory 

responses in experimental models (8-10).  Some, such as the mineral oil Bayol F (Freund’s 

adjuvant), squalene (MF59), and TMPD, have adjuvant effects.  Straight chain hydrocarbons 
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(C15-20) can substitute for the mineral oil (a complex mixture of hydrocarbons) in Freund's 

adjuvant, allowing induction of experimental autoimmune encephalomyelitis, whereas longer 

and shorter carbon chains are ineffective(9).  The optimum chain length for adjuvanticity is 12 

carbons(11).  Although the mechanism of this adjuvant effect is incompletely understood (12), 

squalene is internalized by macrophages, which are transported to regional lymph nodes where 

they undergo apoptosis and are engulfed by dendritic cells(12, 13).  This may promote the T and 

B cell activation seen in hydrocarbon-treated mice.   

Inflammatory Effects of Hydrocarbons in Humans 

Hydrocarbons are potent inducers of inflammation in humans as well as mice.  Inadvertent 

injection of hydrocarbon oils into the skin, even through a minute wound (e.g. grease gun or 

paint spray gun injuries) leads to rapid subcutaneous spreading of the oil and an intense 

inflammatory reaction usually resulting in swelling, pain, and edema within 6 hours and 

followed by permanent loss of function(14).  Similarly, the ingestion of mineral oil as a laxative 

may lead to aspiration, resulting in a pulmonary inflammatory response known as “lipoid 

pneumonia”(15, 16).  This causes abnormalities on chest radiographs and the formation of 

inflammatory lesions called lipogranulomas, which can be shown to contain mineral oil droplets 

using oil red staining or other histopathological techniques.  The mechanism(s) responsible for 

this intense inflammatory response remain unknown.   

Autoantibodies and Other Humoral Immune Abnormalities in TMPD-Treated Mice 

It was noted as early as 1981 that BALB/c mice injected i.p. with TMPD into the 

peritoneal cavity can develop an erosive arthritis resembling rheumatoid arthritis (RA)(17).  In 

1994, it was found that TMPD treatment induces autoantibodies associated with SLE along with 

clinical manifestations of the disease, such as glomerulonephritis, arthritis, and pulmonary 

hemorrhage(18).  Susceptibility to TMPD-induced lupus among non-autoimmune prone mice is 
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widespread, although there are strain-to-strain differences in autoantibodies and clinical 

manifestations(19).  The autoantibodies induced by TMPD are primarily isotype switched IgGs 

and include anti-double-stranded (ds) DNA, single-stranded (ss) DNA, chromatin, Sm, RNP, Su, 

and ribosomal P, all of which are associated with SLE.  TMPD treatment also leads to polyclonal 

hypergammaglobulinemia, another common immunological feature of human SLE.   

Polyclonal Hypergammaglobulinemia 

One of effects of intraperitoneal exposure to TMPD is IL-6 production, which promotes 

plasmacytoma development in BALB/cAnPt mice(6).  IL-6 is a pleiotropic cytokine with effects 

on T cells and the late phase of B cell development(20).  In SLE patients, polyclonal 

hypergammaglobulinemia may reflect both the over-expression of IL-6 receptors on B cells (21, 

22) and increased IL-6 production(23).  In the murine lupus model MRL/lpr, IL-6 is derived 

from an expanded macrophage subset.  IL-6 overproduction by atrial myxomas and in 

Castleman’s disease, also is associated with hypergammaglobulinemia and autoimmunity (20, 

24, 25). 

In TMPD-induced lupus, one of the earliest abnormalities is a striking increase in total 

serum IgM at ~ 2 weeks, which is followed by increased IgG1, IgG2a, and IgG2b (26, 27).  

IgG2a is increased out of proportion to IgG1.  Unexpectedly, IL-6 deficiency has relatively little 

effect on IgM and IgG polyclonal hypergammaglobulinemia, suggesting that other factors may 

contribute to hypergammaglobulinemia and/or compensate for the lack of IL-6(28).  In contrast, 

a substantial reduction in polyclonal IgG2a following TMPD treatment is seen in IFNγ -/- mice 

and polyclonal IgG1 is reduced in IL-4 -/- mice(29).  This is not surprising in view of the 

dependence of IgG2a and IgG1 on IFNγ and IL-4, respectively.  Thus, polyclonal 
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hypergammaglobulinemia induced by TMPD appears to be at least partially a response to 

sustained cytokine production in response to the oil. 

Induction of Autoantibodies by TMPD 

In early studies of arthritis, TMPD was reported to induce autoantibodies against type II 

collagen as well as low levels of rheumatoid factor.  Subsequent studies indicated that 

autoantibodies associated with SLE may be more prominent(18).  Strikingly, the autoantibodies 

induced by TMPD are highly restricted.  Lupus autoantibodies commonly seen in TMPD-treated 

mice include anti-Sm, RNP, dsDNA, chromatin, ribosomal P, and Su/argonaute 2.  Interestingly, 

although there are differences among strains, the autoantibody response in all strains tested so is 

limited to combinations of anti-Sm/RNP, Su, ribosomal P, and/or DNA/chromatin.  Other 

specificities are unusual.  Intraperitoneal injection of TMPD (in contrast to the induction of 

plasmacytomas, only a single dose is necessary) induces an autoantibody response against the 

RNP/Sm and Su autoantigens in 60-90% of BALB/c mice over 4-6 months and against dsDNA 

at 6-10 months (18, 26).   C57BL/6 and SJL mice injected with TMPD frequently develop anti-

ribosomal P autoantibodies, but have a lower rate of anti-RNP/Sm and anti-dsDNA autoantibody 

induction(30).  TMPD-induced lupus autoantibodies are primarily IgG2a isotype and their high 

affinity allows for selective immunoprecipitation of target autoantigens from radiolabeled cell 

extracts(18).  The titers of anti-RNP and anti-Sm are as high as 1:106 or more(31).  Incomplete 

Freund’s adjuvant and squalene induce a similar spectrum of autoantibodies, but less efficiently 

than TMPD(32).  In contrast, medicinal mineral oil does not induce any of these 

autoantibodies(33).  The ability to induce autoantibodies is independent of exogenous infectious 

agents, as germ-free mice produce the same spectrum of autoantibodies(34). 

Autoantibodies against the U1, U2, U4-6, and U5 small nuclear ribonucleoproteins 

(snRNPs) are strongly associated with SLE, and anti-Sm antibodies (recognizing the Sm core 
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proteins B’/B, D, E, F, and G, components of U1-U6 snRNPs) are used as a diagnostic marker.  

Anti-nRNP antibodies, which are associated with lupus but less specific than anti-Sm, recognize 

the U1-A, U1-C, and U1-70K components of U1 snRNPs.   Anti- dsDNA antibodies and 

autoantibodies against the ribosomal P0, P1, and P2 proteins, like anti-Sm, are specific for SLE.  

The Su autoantigen is identical to the micro-RNA associated protein argonaute 2(35).  

Autoantibodies against this antigen are associated with lupus, but also are seen in other systemic 

autoimmune disorders(36). 

T Cell Requirement for Autoantibody Production in TMPD-Treated Mice 

The production of anti-Sm/RNP and other lupus autoantibodies requires T cells.  IgG anti-

Sm/RNP autoantibodies do not develop in BALB/c nu/nu (nude) mice or T cell receptor deficient 

(C57BL6 TcRß -/-, TcRδ -/-) mice following TMPD(37).  Similarly, nude mice do not develop 

TMPD-induced arthritis(38), but although the depletion of CD4+ T cells reduces the incidence of 

arthritis, it has no effect on IgM rheumatoid factor(39).  For IgG anti-Sm/RNP autoantibodies, 

CD4+ T cells appear to be required continuously, and not just in the induction phase, since 

depletion of CD4+ T cells from mice with established anti-Sm/RNP autoantibody production 

leads to a significant decline in serum anti-Sm/RNP autoantibody levels (J Weinstein, et al., 

unpublished data).   

Effects of IL-6, IFNγ, IL-4, and Il-12 on Autoantibody Production 

Along with IFN-α/ß , IL-6, IFNγ, and IL-12 promote autoantibody production in TMPD-

treated mice.  IL-6 deficiency abrogates the induction of IgG anti-ssDNA, anti-dsDNA, and anti-

chromatin autoantibodies by TMPD(28).  Interestingly, the mild age-dependent increase in anti-

chromatin antibodies that develops in wild type mice also is abolished by IL-6 deficiency.  In 

contrast, induction of anti-nRNP/Sm and anti-Su autoantibodies is unaffected by IL-6 deficiency, 

although their levels are lower consistent with the effect of IL-6 on plasma cell differentiation.   
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IFNγ deficient mice are resistant to the induction of IgG anti-chromatin autoantibodies by 

TMPD, whereas the effect on anti-Sm/RNP and anti-Su is less clear(29).  In some, but not all, 

experiments, the frequency of these autoantibodies is reduced.  However, there is little or no 

effect on the levels of autoantibodies in those mice that develop anti-Sm/RNP or anti-Su 

[(29)and J Weinstein, unpublished data].  Remarkably, although switching to IgG2a is IFNγ 

dependent, anti-Sm/RNP autoantibodies induced in IFNγ -/- mice are primarily IgG2a, indicating 

the existence of compensatory mechanisms.  IFNα/ß signaling, which is essential for anti-

Sm/RNP and anti-Su autoantibodies (40), also promotes switching to IgG2a(41).  There is 

considerable cross-talk between the IFNα/ß, IFNγ, and IL-6 signaling pathways (42).  Since 

IFNα/ß deficient mice do not exhibit increased IL-12 levels following TMPD treatment(40), IL-

12 and IFNγ may be downstream of IFNα/ß signaling.  This possibility is consistent with the fact 

that although TMPD treatment profoundly increases IL-12 production, IL-12 deficiency has little 

effect on autoantibody production(43).  In contrast, IL-12 or IFNγ deficiency greatly diminishes 

the severity of renal disease in TMPD-treated mice.  In contrast to IL-6 and the interferons, IL-4 

deficiency has no effect or perhaps a stimulatory effect on autoantibody production(29), 

suggesting that it may play a suppressive role.  NKT cells produce IL-4 (44, 45) and also have a 

suppressive effect on autoantibody production(46).   

Efficacy of Other Hydrocarbons at Inducing Autoantibodies 

Other hydrocarbons besides TMPD can induce a similar spectrum of autoantibodies, 

including hexadecane, squalene, and the adjuvant mineral oil Bayol F (Freund’s incomplete 

adjuvant) (38, 47, 48).  However, they are not as potent as TMPD.  In contrast, medicinal 

mineral oil does not stimulate the production of “lupus autoantibodies” such as anti-dsDNA, 

anti-Sm/RNP, anti-Su, or anti-RNP, although antinuclear antibodies of other (non-disease 

associated) specificities may develop(33).  In general, a hydrocarbon’s ability to promote lupus 
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relates to its ability to act as an adjuvant (see above) and its ability to stimulate the release of 

IFN-I producing cells from the bone marrow.  Like TMPD, medicinal mineral oil promotes 

ectopic lymphoid tissue formation in the peritoneum, making it a useful control for TMPD. 

Autoimmune Disease in TMPD-Treated Mice 

Besides developing serum autoantibodies closely resembling those in SLE patients, TMPD 

treated mice develop clinical manifestations of lupus, including arthritis, immune complex-

mediated glomerulonephritis, and pulmonary capillaritis. Inflammation of the serosal surfaces, 

including those of the heart (pericardium) and lungs (pleura) is present, but it is unclear whether 

this is autoimmune or due to chemical inflammation from infiltration of the oil.  SLE patients 

develop similar manifestations along with other disease manifestations not seen in TMPD-treated 

mice, such as cutaneous, hematological, and neurological manifestations.  SLE is a syndrome 

classified using a set of 11 criteria(49).  TMPD-treated mice would fulfill the criteria used to 

classify SLE in humans.   In humans, the disease is primarily a disease of women (female to 

male ratio ~ 9:1).  The same is true in murine lupus induced by TMPD(50). 

Immune Complex-Mediated Glomerulonephritis 

TMPD injection leads to immune complex-mediated glomerulonephritis manifested by 

glomerular IgG and complement associated with cellular proliferation and proteinuria in BALB/c 

and SJL mice, whereas C57BL/6 mice develop glomerular immune deposits either without 

proliferative changes/proteinuria or with milder glomerular changes (WHO Class II lesions) (26, 

31, 51).   

Immune-mediated renal injury can be the result of antibody deposition with complement 

activation or the local release of proinflammatory cytokines from infiltrating or resident 

cells(52).  Local activation of the membrane attack complex (C5b-9) causes non-inflammatory 

renal lesions distinct from the inflammatory lesions of lupus nephritis(52).  In contrast, the 
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interaction of the immune complexes with FcγRI (CD64) or FcγRIII (CD16) on phagocytic cells 

results in the production of production of proinflammatory cytokines(53).  Significantly, renal 

disease is abolished in (NZB X NZW)F1 (NZB/W) mice deficient in the common γ chain shared 

by FcγRI and FcγRIII, although they still develop glomerular immune complexes(54).   

TMPD-treated BALB/c and SJL mice develop mesangial immune complex deposits early 

in the disease course, but later develop subendothelial lesions consistent with diffuse 

proliferative lupus nephritis(26).  Epithelial crescents, a manifestation that may be related to 

IFNγ production, sometimes develop(55).  Prominent mesangial expansion is frequent (26, 30).  

IL-6 stimulates mesangial cell proliferation (56, 57) and IL-6 deficient mice are highly resistant 

to the induction of renal disease by TMPD(28).  Thus, IL-6 may play a direct or indirect role in 

the pathogenesis of the immune complex-mediated glomerulonephritis.  The proteinuria (often ≥ 

3+) and histopathological changes induced by TMPD in wild type BALB/c mice also are nearly 

abolished by IFNγ deficiency.  There is a reduction in glomerular immune complex deposition 

(especially IgG2a and complement) in IFNγ -/- mice(28).  In contrast, IL-4 deficiency has little 

effect on renal disease in TMPD-treated mice.  Not surprisingly, IL-12 p35 -/- mice also develop 

only mild renal disease(43).  Mice deficient in the type I interferon receptor (IFNAR -/-) have 

greatly decreased proteinuria following TMPD treatment, although glomerular immune complex 

deposition is unchanged(40).  Interestingly, the numbers of infiltrating cells are similar to those 

in untreated wild type controls, suggesting that the absence of IFNAR signaling diminishes the 

recruitment of phagocytic cells, such as monocytes, into the renal glomeruli.  These infiltrating 

monocytes are thought to play a major role in the pathogenesis of lupus nephritis(58).  As several 

key chemokines involved in monocyte recruitment, notably CCL2 (MCP-1), are the products of 

IFNα/ß-inducible (e.g. CCL2/MCP-1) and/or IFNγ-inducible (e.g. IP-10) genes, it is plausible 
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that decreased production of interferon-inducible chemokines by intrinsic glomerular cells in 

response to immune complexes is partly responsible for the greatly diminished severity of renal 

disease in IFNAR-/- or IFNγ -/- mice.   

Relevance of TMPD-Induced Lupus to SLE 

The TMPD model has been criticized by some as being not relevant to lupus, whereas the 

NZB/W model is widely accepted as relevant.  However, this view may be overly simplistic.  

Animal models are useful if they reproduce all or some of the clinical features of a disease.  

Unfortunately, SLE is not a disease but a syndrome defined clinically as a constellation of 4 or 

more of 11 classification criteria(49).  NZB/W mice meet three of these criteria: 

glomerulonephritis, antinuclear antibodies (ANA), and anti-dsDNA antibodies.  NZB mice 

develop autoimmune hemolytic anemia but this is not a major feature in (NZB X NZW) F1 mice.  

In contrast, TMPD treated BALB/c mice have less severe glomerulonephritis, with 3-4+ 

proteinuria and diffuse proliferative changes(26), late onset arthritis(17), a positive ANA, and a 

more diverse spectrum of lupus associated autoantibodies, including anti-dsDNA and anti-

Sm(19).  Thus, in terms of the lupus criteria(49), the TMPD-induced model is as good as or 

better than the NZB/W model.  There is evidence that both models are associated with 

abnormalities of IFNα/ß production, a cytokine abnormality thought to contribute to SLE .   

As SLE has a strong genetic component, the fact that NZB/W mice have genetically 

mediated disease is an advantage.  In contrast, TMPD induces lupus in BALB/c and other mice 

that are not genetically prone to the disease.  Thus, TMPD-lupus is not a good model for 

spontaneous (genetic) lupus in humans.  However, if one supposes that IFN-I over-production is 

one of the key contributing factors to lupus, as suggested by the induction of lupus by IFNα 

therapy in humans (59-61) or its exacerbation by IFNα in mice(62), the complexity of lupus 
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genetics takes on a new perspective.  Complex signaling pathways regulate IFN production (see 

below), raising the possibility that multiple genetic defects could promote IFN production and 

the induction of SLE.  TMPD lupus has the advantage that the role of these pathways can be 

examined by gene targeting and gene expression techniques.  TMPD induced lupus appears to be 

a good model for lupus associated with high IFN production that may be more amenable than 

NZB/W for defining the critical pathways involved in disease pathogenesis.  Once the relevant 

pathways are identified, studies of patients and mice with genetic forms of lupus may define 

which of the multiple genes in these pathways contribute to disease.  Neither the NZB/W nor the 

TMPD model completely reproduces human SLE, but both are “relevant” in the sense that they 

exhibit important similarities to SLE.  Although the TMPD model is not appropriate for studying 

the lupus genetics, it is well suited for examining the role of chronic inflammation and defining 

pathways leading to lupus . 

Abnormal Production of IFN-I TMPD-Induced Lupus 

Initial evidence for excess IFN-I production in TMPD-treated mice arose in the analysis of 

ectopic lymphoid tissue.  In addition to the expression of chemokines relevant to lymphoid 

neogenesis, ectopic lymphoid tissue induced by TMPD displays increased expression of many 

ISGs including Mx-1, IRF7, ISG15, and IP-10(63).  This pattern was not observed in ectopic 

lymphoid tissue from mice treated with medicinal mineral oil, which does not induce lupus 

autoantibodies or glomerulonephritis. Subsequently this IFN signature was identified in the 

peripheral blood of TMPD-treated mice(40).  Upregulation of ISGs was specifically induced by 

IFN-I as deficiency of the IFNAR fully abrogated the IFN signature.  Although IFN-I has been 

implicated in spontaneous murine lupus (62, 64, 65), the TMPD model is the first shown to 

recapitulate the IFN signature, which is found in more than half of SLE patients. 
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IFN-I has a profound effect on the pathogenesis of TMPD-induced lupus.  In the absence 

of IFN-I signaling (IFNAR -/- mice), the development of autoantibodies against dsDNA, 

chromatin, ssDNA, chromatin, RNP/Sm, and Su is abolished(40).  The lack of autoantibodies 

was accompanied by a marked reduction in the severity of glomerulonephritis and proteinuria.  

Similar findings were reported recently in mice deficient in IRF9 or STAT1, two key signaling 

molecules downstream of IFNAR(66).  This study further found that IgG antibodies against 

ribosomal P and histones were dependent on intact IFN-I signaling.  Curiously, TMPD-treated 

IFNAR-/- mice still develop low titer ANA of unknown specificity(40).  These IFN-I-

independent ANA may be analogous to the ANA in a subset of healthy humans who have neither 

IFN-I dysregulation nor manifestations of lupus(67).  It is also interesting that IFNAR-/- mice 

develop glomerular immune complex deposits despite the absence of nephritis.  Perhaps the 

recruitment of inflammatory monocyte/macrophages mediated by IFN-I-inducible chemokines 

(e.g. MCP-1) is an essential step in the development of lupus nephritis(68). 

Although lipogranulomas and autoantibodies develop 3-4 months after TMPD injection, 

IFN-I is an early event.  IFN-I and ISGs are up-regulated in peritoneal exudate cells (PECs) 

within two weeks of TMPD treatment(69).  At this time, circulating B and T lymphocytes (in 

C57BL/6 and 129/Sv strains) also display increased surface expression of the ISG stem cell 

antigen-1 (Sca-1), consistent with a systemic increase in IFN-I(70).  In contrast, these early 

markers of IFN-I dysregulation are not observed in mice treated with mineral oil or squalene 

Immature Monocytes are a Major Source of IFN-I in TMPD-Lupus 

Analysis of the early inflammatory response to TMPD also shed light on the source of 

IFN-I.  Plasmacytoid dendritic cells (PDCs) are thought to be the primary source of IFN-I in 

human lupus due to their ability to secrete the cytokine in response to viral infection and nucleic 

acid-containing immune complexes (71-73).  However, the role of these potent IFN-I producing 
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cells may be limited in the TMPD model as depletion of dendritic cells has no appreciable effect 

on the expression of IFN-I or ISGs(69).  Instead, inflammatory monocytes with intense surface 

expression of Ly6C are a major source of IFN-I .  Normally absent in the peritoneal cavity, Ly6hi 

monocytes are attracted to the peritoneum by the chemokine MCP-1 (CCL2), and comprise 

about 30% of PECs two weeks after TMPD injection.  Their depletion by clodronate-containing 

liposomes rapidly eliminates the IFN signature(69).  These cells also persist in the ectopic 

lymphoid tissue induced by TMPD.  Ly6Chi monocytes do not accumulate in mice treated with 

mineral oil or squalene.  In contrast to TMPD-treatment, mineral oil treatment leads to an influx 

of Ly6Chi monocytes into the peritoneal cavity followed by their rapid maturation into Ly6C-, 

F4/80+ monocyte/macrophages with more abundant cytoplasm and prominent phagosomes(69).  

These more mature monocytes are nearly absent in TMPD-treated mice.  Mineral oil-treated 

animals display neither the IFN signature nor significant autoantibody production.  It is 

noteworthy that other populations of peritoneal cells express lower levels of IFN-I, including 

within the peritoneal cavity (e.g. mesothelial cells) is sufficient to induce the manifestations of 

lupus remains to be determined.  

Mechanism of IFN-I Production in TMPD Lupus 

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 (PAMPs) found in different cellular compartments (74, 

75) .  Toll-like receptors (TLR)7 and -8, which recognize viral ssRNA, and TLR9, the innate 

sensor for unmethylated CpG DNA, have received considerable attention due to their ability to 

recognize endogenous nucleic acids(76-78).  These endosomal TLRs trigger IFN-I secretion via 

the adaptor myeloid differentiation factor-88 (MyD88)(79, 80).  In contrast, TLR3 and TLR4 

mediate IFN-I production through TIR domain-containing adaptor inducing IFNβ (TRIF) upon 
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encountering dsRNA or lipopolysaccharide, respectively(81).  In the cytoplasm, viral RNA binds 

to the RIG-like helicases (RLH) retinoic acid inducible gene-I (RIG-I) or melanoma 

differentiation associated gene-5 (MDA-5) to trigger IFN-I activation via IFNβ promoter 

stimulator-1 (IPS-1)(82-84), whereas cytoplasmic DNA activates a TANK-binding kinase-1 

(TBK-1)-dependent pathway(85, 86).   

Using mice deficient in components of these four major pathways of IFN-I production, it 

can be shown that TMPD elicits IFN-I production and ISG upregulation exclusively through the 

TLR7-MyD88 pathway(70).  The accumulation of Ly6Chi monocytes and production of anti-

nRNP/Sm and anti-Su autoantibodies are abolished in the absence of MyD88 or TLR7.  Similar 

to their IFNAR-/- counterparts, TLR7-/- mice are protected from the development of 

glomerulonephritis(87).  Ly6Chi monocytes recruited to the peritoneal cavity 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(70).  Conversely, other TLRs and cytoplasmic nucleic acid sensors are dispensable for 

IFN-I production in this model, as deficiency of TRIF, IPS-1, or TBK-1 has no effect on the 

induction of lupus by TMPD. 

It has been hypothesized that aberrant clearance of apoptotic or necrotic cells in SLE 

results in the formation if immune complexes consisting of autoantibodies and RNA- or DNA- 

containing autoantigens(88, 89).  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 TLR9 by the internalized endogenous nucleic acids(90, 91).  This hypothesis implies 

that generation of lupus autoantibodies is a prerequisite to chronic IFN-I production.  In TMPD-

lupus, however, the production of IFN-I occurs within 1-2 weeks, long before the appearance of 
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anti-dsDNA or anti-nRNP/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(70, 92).  Together with the absence of autoantibody 

production in IFNAR-/- mice, these data indicate an upstream effect of IFN-I on autoantibody 

production.  This view is supported by the development of autoantibodies in patients following 

therapeutic administration of recombinant IFNα(61).  The dependence of lupus autoantibodies on 

intact IFN-I signaling also has been shown in other lupus models(64, 65).   

The exact mechanism of TMPD-induced TLR7 activation remains to be defined.  The 

chemical structure of TMPD  is distinct from known TLR7 ligands and in vitro studies suggest 

that TMPD is not a TLR7 ligand(70).  Instead, pretreatment with TMPD enhances the 

stimulatory effects of TLR7 ligands such as R848.  This property is not observed with mineral 

oil or squalene, consistent with the inability of these hydrocarbons to induce IFN-I in vivo.  It is 

possible that TMPD augments the response to endogenous TLR7 ligands such as the U1 RNA 

component of the Sm/RNP antigen, although how these ligands gain access to endosomes in the 

absence of immune complexes is unclear.  Alternatively, the incorporation of TMPD into the cell 

membrane may disturb the endosomal location of TLR7 and provide access to endogenous 

ligands(93).  TMPD also might interfere with the normal degradation of cellular debris, 

increasing the availability of endogenous nucleic acids.  Thus far these hypotheses are not 

supported by in vitro data, as neither TLR7 localization nor cellular endocytosis/phagocytosis is 

affected by TMPD treatment(70).  Moreover, TMPD treatment does not seem to up-regulate 

TLR7, as its expression (protein and mRNA) is unaffected.  Interestingly, the ability of TMPD to 

promote autoantibody production is dependent on intact Fas-Fas ligand signaling(94).  Although 

C57BL/6 (B6) mice are susceptible to TMPD-induced lupus, both B6-lpr/lpr and B6-gld/gld 
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mice are highly resistant.  Although the mechanism of the protective effect remains uncertain, it 

is possible that Fas-mediated apoptosis is involved in the generation of endogenous TLR7 

ligands responsible for the chronic IFN-I production characteristic of TMPD-lupus.  Further 

studies are needed to better define both the mechanism of TLR7 activation and the role of Fas-

Fas ligand interactions in this model.   

In summary, TMPD-induced lupus uniquely recapitulates the “interferon signature” seen in 

more than half of lupus patients.  IFN-I is essential to disease development and is elicited 

through a TLR7 and MyD88-dependent, but FcγR-independent pathway.  These recent advances 

in understanding the etiology of lupus in TMPD-treated mice place this inducible lupus model in 

a new light.  Although not suitable for genetic studies of SLE, the inducible nature of TMPD-

induced lupus offers an advantage over the genetic models as it allows temporal assessment of 

upstream and downstream effects of IFN-I dysregulation.  In addition to the potential for 

yielding valuable new insights into the pathogenesis of SLE, this model is well adapted to 

examining the efficacy of therapies targeting components of the TLR7/MyD88/IFN-I pathway.   

Lymphoid Neogenesis In TMPD Treated Mice  

Association of Lymphoid Neogenesis with Autoimmunity. 

Lymphoid neogenesis, defined as the formation of ectopic lymphoid tissue at sites of 

inflammation(95), is strongly associated with autoantibody production(96).  Ectopic lymphoid 

tissue bears a close resemblance to lymph nodes and other secondary lymphoid tissue and arises 

by a similar developmental pathway(97).  A frequent characteristic of ectopic lymphoid tissue is 

the compartmentalization of B lymphocytes and T lymphocytes/dendritic cells into discrete B-

cell and T-cell areas comparable to those in secondary lymphoid tissue.  The T cell areas are 

vascularized by specialized high endothelial venules (HEV) allowing cells to migrate into the 

tissue(98).  HEV also express chemokines, enzymes, and scaffolding proteins essential for the 
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function of lymphoid tissue (87, 96, 98-100).  In particular, the lymphoid chemokines CC-

chemokine ligand 19 (CCL19, ELC), CCL21 (SLC), CXC-chemokine ligand 12 (CXCL12, 

CXCL12), and CXCL13 (BLC) play an important role in lymphocyte homing and 

compartmentalization in lymphoid tissue(101-104).  It is not fully understood how ectopic 

lymphoid tissue is derived.  One hypothesis is that during chronic inflammation there is 

constitutive chemokine/cytokine expression that promotes the formation of lymphoid tissue, 

sometimes exhibiting well-formed B cell follicles and germinal centers(105).   

Ectopic lymphoid tissue forms when the immune response fails to eliminate certain 

pathogens, such as hepatitis C (106) or Helicobacter pylori(107).  It also is common in 

autoimmune diseases such as autoimmune (Hashimoto’s) thyroiditis (autoantibodies against 

thyroid peroxidase and thyroglobulin), Sjogren’s syndrome (anti-Ro/La autoantibodies), and RA 

(autoantibodies against citrullinated proteins and rheumatoid factor)(108-111).   

An important issue is whether ectopic lymphoid tissue is a site of class switching, somatic 

hypermutation, and/or the generation of autoantibody secreting plasma cells.  Lymphocytic foci 

in rheumatoid synovium contain restricted κ-light chain rearrangements and there is evidence of 

extensive somatic hypermutation(110, 112).  Ectopic lymphoid tissue could represent a milieu 

deficient in the censoring mechanisms that remove self-reactive B cells arising during the 

germinal center reaction(113).  B cells specific for Ro/La antigens can be detected in the salivary 

glands of patients with Sjogren’s syndrome, rheumatoid factor specific B cells in rheumatoid 

synovium(111, 114), and anti-nRNP specific B cells in ectopic lymphoid tissue in TMPD lupus.  

IFN-I produced in ectopic lymphoid tissue (40) may play a role in autoantibody production, 

since IFNα/β and IL-6 act sequentially to generate plasma cells, with IFNα/β generating non-Ig-

secreting plasma blasts and IL-6 promoting their differentiation into Ig-secreting plasma 
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cells(115).  Although it was previously assumed that autoantibody production is maintained by 

the continuous activation of autoreactive T and B cells and generation of short-lived plasma 

cells, it is now apparent that a subset of plasma cells can survive in the bone marrow for 

years(116).  These long-lived plasma cells maintain antibody levels after immunization and 

depend on survival factors produced by bone marrow stromal cells, including IL-6, IL-5, TNFα, 

BAFF, CXCL12 (SDF-1), and CD44 ligands(116).  Importantly, many (40%) of the 

autoantibody secreting plasma cells in NZB/W lupus mice are long-lived(117). 

 Pristane Induces Ectopic Lymphoid Tissue 

Ectopic lymphoid tissue forms in the peritoneum of mice treated with TMPD and this 

chronic inflammatory tissue is a site of substantial IFN-I production (40) .  The chronic 

inflammatory response to TMPD was originally described as “lipogranuloma” formation(118, 

119).  However, lipogranulomas are not true granulomas, but rather are more akin to secondary 

lymphoid tissue morphologically, since they contain B- and T-cell/dendritic cell zones as well as 

blood vessels expressing peripheral lymph node addressin (PNAd), a high endothelial venule 

marker (31).  Expression of the lymphoid chemokines CXCL13 (BLC), CCL19 (ELC), and 

CCL21 (SLC) is found within the lipogranulomas (31).   

Antigen Specific B Cell Responses in TMPD-Induced Ectopic Lymphoid Tissue 

Although associated with humoral autoimmunity, it is not known whether antibody 

responses develop within ectopic lymphoid tissue or if B cells only secondarily migrate there.  

The formation of lipogranulomas affords an opportunity to explore this question.  Following 

primary immunization with NP-KLH, NP-specific B cells bearing V186.2 and related heavy 

chains as well as λ-light chains accumulate within the lipogranulomas(120).  The number of anti-

NP secreting B cells in the lipogranuloma is greatly enhanced by immunization with NP-KLH.  

In contrast to the relatively diverse heavy chain sequences found in individual lipogranulomas 
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from unimmunized mice, immunoglobulin 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.  Heavy-chain complementarity determining 

region sequences recovered from lipogranulomas have numerous replacement mutations, 

suggesting that they are a site of ongoing antigen-driven and T cell-mediated immune responses.  

Consistent with that possibility, lipogranulomas from TMPD-treated mice adoptively transferred 

with OT-II or DO11.10 (ovalbumin-specific) transgenic T cells accumulate transgenic T cells 

after subcutaneous immunization with OVA.  The selective co-localization of proliferating, 

antigen-specific T and B lymphocytes in lipogranulomas during primary immunization 

implicates ectopic lymphoid tissue as a site where antigen-specific cognate T-B cell interaction 

may occur(120). 

Germinal centers are the morphological feature most closely associated with T cell 

dependent expansion of antigen-specific B cells(121).  The germinal center reaction regulates 

antigen-specific clonal evolution during the development of the humoral response. 

Lipogranulomas display many characteristics of germinal center reactions such as proliferating T 

and B lymphocytes, activation-induced cytidine deaminase (AID) expression, and the presence 

of class switched B cells(37).  Circular DNA intermediates, a hallmark of active class switch 

recombination, are found in the lipogranulomas, suggesting that class switching occurs locally.  

After immunization with exogenous antigen, T cells from the lipogranulomas secrete IL-21, 

which has been shown to play a role in plasma cell differentiation and class switching(122).  

Analysis of immunoglobulin heavy and light chain gene sequences from different 

lipogranulomas of the same mouse revealed that after primary immunization with an exogenous 

test antigen (NP-KLH or NP-OVA), each lipogranuloma contains a unique and, in general 



 

33 
 

oligoclonal or monoclonal, B cell repertoire, consistent with local clonal expansion(120).  

Moreover, antigen-specific DO11.10 transgenic T cells accumulate in the lipogranulomas after 

NP-OVA immunization(120), suggesting that the ectopic lymphoid tissue is a site of cognate T 

cell-B cell interactions.   

Anti-RNP Autoantibody Production in Ectopic Lymphoid Tissue 

The striking association between ectopic lymphoid tissue formation, autoimmunity, and B 

cell neoplasia in Sjogren’s syndrome, RA, hepatitis C and H. pylori infection (96) raises the 

question of what role the lipogranulomas play in TMPD-induced lupus.  Both IgM and IgG 

antibody forming cells (AFCs) producing autoantibodies to recombinant U1-A protein, a 

component of U1 snRNPs, are found at a higher frequency in the ectopic lymphoid tissue of 

TMPD-treated mice than in the spleen(37).  The presence of IgM anti-U1-A AFCs in the ectopic 

lymphoid tissue suggests that, consistent with the data in the immunization model(120), 

lipogranulomas may be a site where autoantibody producing B cells become activated.  

Moreover, the prominence of IgG anti-U1-A secreting cells and the absence of anti-Sm/RNP 

responses in TMPD-treated BALB/c nu/nu (nude) mice (123) or T cell receptor deficient 

(C57BL6 TcRß -/-, TcRδ -/-) mice (37) raises the possibility that post-germinal center B cells 

(memory B cells) specific for U1-A might be stimulated to undergo plasma cell differentiation 

within the lipogranulomas, either by autoantigen specific T cells or independently of T cells 

through the engagement of Toll-like receptors (123).  Indeed, the Sm/RNP antigens are 

associated with U1, U2, U4-U6, and/or U5 small RNAs , which are endogenous TLR 7 ligands 

(43), suggesting that the autoantibody production might be driven by TLR7 signaling.  However, 

stimulation of TLR7 by endogenous TLR7 ligands in TMPD-induced ectopic lymphoid tissue 

appears to be insufficient to stimulate IgM or IgG anti-Sm/RNP autoantibody production T cell 

receptor deficient mice.  Another possibility is that the IgG anti-U1-A AFCs represent long-lived 
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plasma cells, which accumulate at sites of chronic inflammation, such as the nephritic kidneys 

and spleens of NZB/W mice (25, 26).  However, the relative paucity of CD138+ cells in the 

lipogranulomas vs. spleen of TMPD-treated mice (37)and the fact that the number of anti-U1-A 

AFCs can be suppressed by administering cytotoxic anti-CD4 antibodies to TMPD-treated mice 

(J Weinstein, et al., unpublished data) may argue in favor of a model involving the activation of 

anti-U1-A memory B cells.   

Lupus induced by hydrocarbons such as TMPD is a valuable model of human SLE 

associated with the over-expression of IFN-I.  The pathogenesis of lupus autoantibodies (anti-

DNA, anti-Sm/RNP, and others) and glomerulonephritis in this model is strictly dependent on 

signaling through the IFNAR.  Most of the interferon 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 U1 RNA are involved, as germ-free mice remain 

susceptible to disease induction.  However, immune complex uptake via Fc receptors is 

dispensable.  Autoantibody production is concentrated in ectopic lymphoid tissue found in the 

peritoneum following TMPD treatment.  In many respects, this chronic inflammatory tissue 

mimics secondary lymphoid tissue, and most data so far suggest that cognate T-B interactions 

take place within the ectopic lymphoid tissue.  However, the precise nature of the inciting TLR 

ligand(s), how they are generated, and the mechanisms responsible for the escape of autoreactive 

B cells from censoring mechanisms remain areas of active investigation.  In light of the strong 

association between lymphoid neogenesis and humoral autoimmunity, elucidating the 

mechanisms of lupus induction in TMPD treated mice may have broader implications for the 

pathogenesis of other autoimmune disorders, including RA, Sjogren’s syndrome, myasthenia 

gravis, and chronic hepatitis C-induced autoimmune syndromes, such as mixed cryoglobulinemia 
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CHAPTER 21 
CO-LOCALIZATION OF ANTIGEN-SPECIFIC B AND T CELLS WITHIN ECTOPIC 

LYMPHOID TISSUE FOLLOWING IMMUNIZATION WITH EXOGENOUS ANTIGEN  

Introduction 

Lymphoid neogenesis, the formation of ectopic (tertiary) lymphoid tissue in response to 

inflammation (95, 105), is associated with the production of autoantibodies in several diseases 

including Sjogren’s syndrome, rheumatoid arthritis, and myasthenia gravis (96).  Whether 

ectopic lymphoid tissue participates directly in generating autoreactive B cells (e.g. by allowing 

the autoreactive cells to escape self-tolerance) or indirectly as a site where mature antibody-

secreting cells can persist(124) is unknown.  Intraperitoneal injection of non-autoimmune-prone 

mice such as BALB/c with the hydrocarbon oil 2, 6, 10, 14-tetramethylpentadecane (TMPD) 

triggers the formation of ectopic lymphoid tissue (“lipogranulomas”) and the development of 

lupus-like autoimmune disease with autoantibodies against small nuclear ribonucleoproteins 

(snRNPs) and dsDNA, immune complex-mediated glomerulonephritis, arthritis, and 

vasculitis(18, 26, 63).  Within the ectopic lymphoid tissue induced by TMPD are CD11c+ 

dendritic cells (DCs) expressing the co-stimulatory molecule CD86.  Expression of the lymphoid 

chemokines CXCL13 (BLC), CCL19 (ELC), and CCL21 (SLC) is likely to play a role in the 

accumulation of B cells, T cells, and DCs in TMPD-induced tertiary lymphoid tissue (125).  

Although individual TMPD-induced lipogranulomas bear some resemblance histologically to 

germinal centers, there are differences, including the absence of peanut agglutinin+ B cells and 

FDC-M1+ follicular dendritic cells(126).  Nevertheless, proliferating (Ki-67+) lymphocytes can 

be demonstrated in these structures.  Moreover, the B cells bear somatically mutated and isotype-

                                                 
1 Reprinted with permission from The Association of American Immunologists, Inc. Copyright 2008 Weinstein JS et. 
al.. Colocalization of Antigen-Specific B and T Cells Within Ectopic Lymphoid Tissue Following Immunization 
With Exogenous Antigen. J Immunol. 2008 Sep 1;181(5):3259-67. 
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switched immunoglobulin heavy chains, suggesting that lipogranulomas may support antigen-

specific immune responses and may be a location where tolerance to autoantigens can be 

overcome. 

The germinal center reaction regulates antigen-specific clonal evolution during the 

development of B cell memory (126).  B cells in newly formed germinal centers may be 

oligoclonal (127), whereas those in TMPD-induced lipogranulomas are usually more diverse (D. 

Nacionales, et al., Submitted).  The existence in TMPD-treated mice of occasional 

lipogranulomas containing oligoclonal B cells is currently unexplained.   

Previous studies have shown that following immunization with NP-KLH, two anatomically 

and phenotypically distinct populations of antibody-forming cells arise in the spleen.  As early as 

2 days after immunization, primary foci consisting of antigen-binding B cells are seen along the 

periphery of the periarteriolar lymphoid sheaths (128).  Initially these foci expand, but by day 14, 

they disappear, giving rise to a second responding population in the follicle, germinal center B 

cells, which appear on day 8-10 and persist at least until day 30 post- immunization.  The 

primary foci are sites of interclonal competition for antigen among unmutated B cells, whereas 

germinal centers are sites of intraclonal competition between mutated sister lymphocytes (128) 

as well as interclonal competition between pre-existing germinal center B cells and follicular 

“visitors” that can join the germinal center reaction if they have a sufficiently high antigen-

binding affinity (129). 

In the present study, we analyzed antigen-specific B and T cells in TMPD-induced ectopic 

lymphoid tissue at 12 days after primary subcutaneous immunization with a test antigen, NP-

KLH.  We show that oligoclonal populations of NP-specific B cells develop in TMPD-induced 

ectopic lymphoid tissue and may displace or overgrow more diverse populations of non-NP 
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specific B cells present prior to immunization.  Along with the hapten-specific B cells, the 

TMPD-induced lipogranulomas contain carrier-specific T cells, strongly suggesting that ectopic 

lymphoid tissue can participate directly in the generation of antigen-specific B cell responses. 

Materials and Methods 

Mice 

  Six-week-old female C57BL/6, BALBC/J, T cell transgenic C.Cg-Tg(DO11.10)10Dlo/J 

(DO11.10), and C57BL/6-Tg(TcraTcrb)425Cbn/J (OT-II) mice were purchased from Jackson 

Laboratory (Bar Harbor, ME) and housed in barrier cages.  At 2 months of age, C57BL/6 and 

DO11.10 mice received 0.5 ml of 2, 6, 10, 14 tetramethylpentadecane (TMPD, Sigma-Aldrich, 

St. Louis, MO) i.p. or left untreated.  Three months later, the mice were injected subcutaneously 

in the lower abdomen with 100 µg of 4-hydroxy-3-nitrophenyl acetyl (NP)17-19-conjugated 

keyhole limpet hemocyanin (KLH) (NP-KLH, Biosearch Technologies, Novato, CA) 

precipitated in alum (Pierce, Rockford, IL).  Lipogranulomas, spleen, and blood were harvested 4 

to12 days later. These studies were approved by the Institutional Animal Care and Use 

Committee. 

Anti-4-hydroxy-3-nitrophenyl (NP) IgM and IgG ELISA 

  Pre-immune sera and sera obtained at the time of euthanasia were tested for IgM and IgG 

anti-NP antibodies (ELISA).  Microtiter plates were coated with NP19-, NP30-, or NP3- 

conjugated BSA (Biosearch Technologies).  Serially diluted serum samples were added for 1 

hour at room temperature.  Anti-NP IgM and IgG antibodies were detected using alkaline 

phosphatase conjugated goat anti-mouse IgM or IgG antibodies (1:1000 dilution, Southern 

Biotechnology, Birmingham, AL) followed by phosphatase substrate (Sigma-Aldrich).  Optical 

density was converted to concentration based on standard curves with sera from C57BL/6 mice 
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immunized with NP-KLH using a four-parameter logistic equation (Softmax Pro 3.1 software, 

Molecular Devices Corporation, Sunnyvale, CA). 

Bromodeoxyuridine (BrdU) Labeling of B and T Cells 

  BrdU was administered to BALB/cJ mice (0.2 mg BrdU i.p. every 4 hours for 3 doses) 

and again one day before euthanasia.   Single cell suspensions of lipogranuloma or spleen tissue 

were made by collagenase treatment (95).  The isolated cells were incubated with APC-

conjugated anti-BrdU antibodies plus anti-CD3-FITC and anti-CD19-PE antibodies (BD 

Biosciences) and analyzed by flow cytometry.  Isotype controls were employed to evaluate 

background fluorescence.  Isolated lipogranuloma cells were washed in staining buffer (PBS 

supplemented with 0.1% NaN3 and 1% bovine serum albumin) and pre-incubated for 20 minutes 

with 1 µg of anti-CD16 (BD Biosciences) and 0.5 µl rat serum (Sigma Aldrich) at 4°C in 20 µl 

of staining buffer to block Fc binding.  Primary antibodies were then added at pre-titrated 

amounts and incubated for 20 minutes at 4°C, followed by washing in staining buffer.  

Intracellular BrdU labeling was performed using the APC BrdU flow kit following the 

manufacturer’s instructions (BD Biosciences).  Data were acquired on a CyAn ADP flow 

cytometer (Dako, Fort Collins, Colorado) and analyzed with FCS Express Version 3 (DeNovo 

Software, Thornhill, Ontario, Canada).  At least 50,000 events per sample were acquired and 

analyzed using size gating to exclude dead cells.  

Kappa/Lambda Light Chain Staining 

  Lipogranulomas and spleen were fixed and embedded as previously described(63).  

Sections (4 μm) were stained with horse radish peroxidase (HRP)-conjugated goat anti-mouse κ- 

or -λ light chain antibodies (Southern Biotechnology), developed with DAB (Vector 

Laboratories, Burlingame, CA), and viewed under a light microscope. 
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Anti-4-Hydroxy-3-Nitrophenyl (NP) ELISPOT Assay 

Lipogranulomas and spleen (104 cells/well) from NP-KLH/TMPD treated mice were 

collagenase treated as described (63) and single cell suspensions were plated on Multiscreen 

HTS plates (Millipore, Billerica, MA) coated with NP19-BSA.  Lipogranuloma and spleen cells 

from non-immunized TMPD treated mice were used as the negative control.  The cells were 

incubated overnight before adding alkaline phosphatase-conjugated goat anti-mouse IgM 

antibodies.  Spots were developed with BCIP/NBT (Pierce) and incubated overnight before 

counting using a dissecting microscope.   

Variable Heavy Chain Gene Sequences 

Lipogranulomas and spleen were harvested at day 12 and mRNA was isolated using 

TRIzol reagent (Invitrogen Life Technologies, Carlsbad, California).  The pellets were washed 

with cold 75% (v/v) ethanol and resuspended in diethyl pyrocarbonate (DEPC)-treated water.  

One μg 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 (Invitrogen).  

PCR amplification of immunoglobulin H-chain cDNA was performed using a mixture of 8 

forward primers (VHF1-8) and a consensus reverse primer (VHR2) as described (130) (D 

Nacionales, et al. Submitted).  The PCR products were cloned into a TOPO vector (pCR4, 

Invitrogen) and the VDJ heavy chain sequences were determined by dideoxy sequencing and 

analyzed using the MacVector V 7.2.3 program (Accelrys Inc., San Diego CA). 

Transfer of Antigen-Specific T Cells 

5 x 106 CD4+ T cells from OT-II or DO11.10 mice were transferred i.v. to C57BL/6J or 

BALB/cJ TMPD-treated recipients.  Three days after T cell transfer, the mice were immunized 

s.c. with 200 µg NP17-OVA precipitated in alum.  Seven days after immunization single cell 

suspensions of the draining lymph nodes, spleen, and lipogranulomas were prepared as above.  
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Lipogranuloma cell suspensions from C57BL/6J recipients of OT-II T cells were analyzed by 

FACS using anti-CD3-FITC, anti-CD4-APC, anti-Vα2-PE, and anti-Vβ5-Biotin-Av/Pac Blue 

antibodies (BD Biosciences).  BALB/cJ recipients of DO11.10 T cells were analyzed using anti-

DO11.10 (KJI-26)-APC antibodies (Invitrogen, Caltag Laboratories, Carlsbad, CA).  

T Cell Proliferation Assay 

 Three months after TMPD or saline treatment, DO11.10 mice were immunized with 50 μg 

of specific peptide corresponding to amino acids 323-339 of ovalbumin (Ova323-339; Genscript 

Corporation, Piscataway, NJ) in alum.  Five days later, CD4+ T cells were sorted using MACS 

anti-CD4 beads (Miltenyi Biotec, Auburn, CA).  2.5 X 104 CD4+ T cells were cultured with 

irradiated (3000 R), CD4-depleted APCs (2.5 X 105 cells/well) in quadruplicate.  2.5 µg/ml of 

soluble anti-CD3 or 10 μg/ml of OVA323-339 was added for 48-72 hours in a total volume of 200 

µl of complete RPMI medium.  One µCi [3H]-thymidine (Amersham Biosciences, Piscataway, 

NJ) was added for the final 16 h of culture and proliferation was determined using a liquid 

scintillation counter. 

Polymerase Chain Reaction Analysis of T Cell Cytokines 

Lipogranulomas and spleen were harvested 10 days after immunization with NP-KLH 

followed by isolation of mRNA and cDNA synthesis as described above.  PCR amplification of 

β-actin, IL-4, IFNγ, and IL-21 was performed using the following primers: β-actin forward: 

(TGGAATCCTGTGGCATCCATGAAAC); β-actin reverse 

(TAAAACGCAGCTCAGTAACAGTCCG); (IL-4 forward: 

(CGAAGAACACCACAGAGAGTGAGCT); IL-4 reverse: 

(GACTCATTCATGGTGCAGCTTATCG); IFNγ forward: 

(AGCGGCTGACTGAACTCAGATTGTAG); IFNγ reverse: 
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(GTCACAGTTTTCAGCTGTATAGGG); IL-21 forward: (ATGGAGAGGACCCTTGTCTG); 

IL-21 reverse: (GCTTGAGTTTGGCCTTCTGA).  One μl of cDNA was added to a mixture 

containing 1X PCR buffer, 2.5 mM MgCl2, 400 μM dNTPs, 0.025 U of Taq DNA polymerase 

(Invitrogen), 1 μM each of forward and reverse primers, and DEPC-water in a 20 μl volume.  

Amplification was carried out for 5 min at 94°C, followed by 35 cycles of denaturation at 94°C 

for 2 min, annealing at 55°C for 30 sec, extension at 72°C for 45 sec and a final extension of 

72°C for 10 min in a PTC-100 Programmable Thermal Controller (MJ Research, Inc., Waltham, 

MA).  PCR products were visualized on 1% agarose gel. 

Results 

Antigen-Specific B Cell Responses in Ectopic Lymphoid Tissue 

  Intraperitoneal injection of TMPD leads to the formation of ectopic lymphoid tissue 

containing B and T lymphocytes as well as activated DCs (40).  We asked whether 

lipogranulomas are a site where specific T cell-dependent antibody responses develop.  TMPD-

treated B6 mice were immunized s.c. with NP-KLH, which induces a highly restricted antibody 

response dominated by B cells bearing V186.2 H-chains and λ1 light chain specific for the NP 

hapten (127, 131).  Compared with controls, NP-KLH immunized mice displayed significantly 

higher levels of serum anti-NP IgM and IgG 12 days post-immunization (Fig. 2-1A-B).  Both 

TMPD-treated and untreated mice developed a typical IgG1-dominated response following 

immunization with NP-KLH in alum (Fig. 2-1C).  NP-specific IgG1, IgG2a, and total IgG levels 

were unaffected by TMPD treatment (Fig. 2-1C).  

To evaluate the affinity of the antibody responses, reactivity with NP30-BSA and NP3-

BSA was determined by ELISA.  Interestingly, although the total serum levels of antibodies 

reactive with NP30-BSA in mice pre-treated with TMPD were similar to those in untreated mice, 
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reactivity of sera from the TMPD-pre-treated mice with NP3-BSA was significantly less than the 

reactivity of sera from untreated mice (Fig. 2-1D).  Thus, the affinity of the anti-NP antibodies 

induced by immunization with NP-KLH was lower in mice with TMPD-induced ectopic 

lymphoid tissue than in controls. 

Because one of the characteristics of secondary lymphoid tissue is the proliferation of 

antigen-specific B and T lymphocytes, it was of interest to examine T and B cell proliferation in 

the ectopic lymphoid tissue induced by TMPD.  Mice were fed BrdU in the drinking water and 

immunized with NP-KLH.  Following immunization, there was a progressive increase in the 

number of B220+ cells and CD3+ cells labeled with anti-BrdU antibodies both in the spleen and 

in the lipogranulomas, which was apparent as early as day 4-8 after immunization and peaked 

around day 10 (Fig. 2-1E).  These data indicate that primary immunization with an exogenous 

antigen stimulated lymphocyte proliferation within ectopic lymphoid tissue and that the 

magnitude of this proliferative response was comparable to that in a secondary lymphoid organ, 

the spleen. 

Ovalbumin-Specific T Cells Localize and Expand in Ectopic Lymphoid Tissue 

  To further address whether ectopic tissue facilitates the development of de novo immune 

responses, we analyzed antigen-specific CD4+ T cell responses within the lipogranulomas 

following immunization.  CD4+ ovalbumin (OVA) 323-339 peptide-specific T cells were 

transferred from either OT-II or DO11.10 mice into TMPD treated recipients.  Either PBS or 

CD4+ OVA-specific T cells from OT-II mice were injected into TMPD-treated B6 mice, 

followed by immunization with NP-OVA 3 days later.  Seven days after immunization, we 

identified the OVA transgenic T cells (Vα2+Vβ5+CD4+ cells) (132) in various lymphoid tissues 

using flow cytometry.  There was a significant increase of Vα2+Vβ5+CD4+ T cells in the 

draining lymph nodes and lipogranulomas from mice injected with OT-II T cells compared to the 
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control PBS injection (Fig. 2-2A).  As expected, the DO11.10 antigen-specific T cells also were 

present at increased frequency in the lipogranulomas of BALB/c mice after immunization (Fig. 

2-2B).  Transfer of DO11.10 T cells to non-immunized mice verified that the increased numbers 

of antigen-specific T cells in the lipogranulomas were not merely related to the transfer of CD4+ 

T cells (Fig. 2-2B).  We also treated DO11.10 mice with TMPD and 3 months later immunized 

with OVA323-339.  Seven days after immunization, the lipogranulomas contained almost 

exclusively antigen-specific KJI-26+ CD4+ T cells, whereas both spleen and draining lymph 

nodes contained a population of KJI-26- CD4+ T cells (Fig. 2-2C).  In contrast, lipogranulomas 

from non-immunized mice contained a population of non-transgenic (KJI-26-) T cells.  We 

further assessed the presence of OVA-specific T cells in the lipogranulomas by isolating CD4+ T 

cells from TMPD treated DO11.0 mice and stimulating in vitro with OVA323-339.  Antigen-

specific CD4+ T cells from lipogranulomas, spleen, and draining lymph nodes all proliferated 

similarly (Fig. 2-2D).  The expansion of antigen-specific CD4+ T cells in the lipogranulomas 

upon immunization coupled with their ability to proliferate when stimulated in vitro provides the 

first evidence that ectopic lymphoid tissue is a site of antigen-specific T cell activation and 

proliferation. 

To further demonstrate that the T cells in the lipogranuloma are active participants in an 

antigen-specific immune response, we looked at the production of T cell inflammatory cytokines 

in lipogranulomas and spleen after immunization with the test antigen NP-KLH.  Compared to 

the spleen, lipogranulomas from the same mouse expressed higher levels of IFNγ mRNA but 

lower levels of IL-4 and IL-21 (Fig. 2-2E).  Thus, following immunization, T cells in the 

lipogranulomas were proliferating (Fig. 2-1E), there was an increased number of antigen-specific 
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CD4+ cells (Fig. 2B-C), and there was production of T cell cytokines, particularly IFNγ (Fig. 2-

2E), consistent with the presence of effector T cells.   

4-Hydroxy-3-Nitrophenyl NP-Specific B Cells and Anti-NP Antibody Production in Ectopic 
Lymphoid Tissue 

  In view of the preferential pairing of λ1 L-chains with V186.2 H chains, paraffin-

embedded tissue was stained for κ and λ light chains (Fig. 2-3A).  Lipogranulomas from both 

immunized and non-immunized mice contained large numbers κ light chain bearing B cells, 

showing that immunization does not substantially affect the total number of B cells in the 

lipogranulomas.  The lipogranulomas from mice immunized with NP-KLH had discrete areas of 

strong λ light chain staining, whereas non-immunized mice had very weak λ staining (Fig. 2-3A).  

Immunized mice had significantly more λ light chain bearing cells in the lipogranulomas than 

controls, an expected response to NP-KLH (Fig. 2-3B).  To determine whether these B cells 

secreted anti-NP antibodies, ELISPOT assays were performed using NP-BSA as antigen.  The 

lipogranuloma cells from NP-KLH immunized, TMPD-treated mice displayed more spots than 

those from TMPD-treated, non-immunized mice (Fig. 2-3C).  Interestingly the spots from the 

spleen, although less numerous than those from lipogranulomas, were larger (Fig. 2-3D), 

suggesting that the antigen-specific cells in the spleen secreted more immunoglobulin per cell 

than those from lipogranulomas and/or that the antibody affinity was lower in the 

lipogranulomas, as suggested earlier (Fig. 2-1D).  

Heavy-Chain Sequences from Spleen and Ectopic Lymphoid Tissue of NP-KLH 
Immunized Mice 

  To further verify that the lipogranulomas contained NP-specific B cells, we amplified and 

sequenced VH genes from lipogranulomas and spleens.  A preponderance of V186.2 and other 

VH genes (CH10, V303, V102) implicated in the formation of anti-NP antibodies (131) was 

found in the lipogranulomas and spleens of immunized mice (Fig. 2-4).  B cells from the 
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lipogranulomas expressed almost exclusively V186.2 or other VH genes implicated in the anti-

NP response, representing >90% of the total sequences (including 20% V186.2).  In comparison, 

60% of VH sequences from the spleen were V186.2, CH10, V303, or V102 (7% V186.2).  

V186.2 and other genes encoding presumptive NP-specific antibodies were infrequent in the 

lipogranulomas from un-immunized mice.  The higher percentage of likely NP-specific VH 

genes in lipogranulomas vs. spleen from immunized mice is consistent with the possibility that T 

cell-dependent clonal expansion of antigen-specific B cells may be ongoing within the 

lipogranulomas.    

To assess the clonality of B cells in ectopic lymphoid tissue induced by TMPD following 

immunization with the test antigen, we sequenced the VH genes expressed by B cells in 

individual lipogranulomas and spleen.  As shown in Fig. 2-5A, diverse VH sequences were 

recovered from the spleens of TMPD-treated mice immunized with NP-KLH.  In some instances 

the same VH-D-JH combination was obtained from two individual clones from the same spleen.  

Interestingly, the combination CH10-DSP2.X-JH1 (CH10 is implicated in the formation of anti-

NP antibodies) was recovered in duplicate clones from two different mice (Fig. 2-5A).  In 

striking contrast to spleen, individual lipogranulomas from TMPD-treated mice, immunized 12 

days earlier with NP-KLH, contained highly oligoclonal populations of B cells expressing VH 

sequences associated with anti-NP reactivity (V186.2 and related sequences) (Fig. 2-5A, Mouse 

#1 and #2, lipogranulomas 1 and 2).  The lipogranulomas from immunized mice displayed 

almost exclusively (95%) V186.2 and analogous VH sequences vs. 50% of the VH genes 

recovered from the spleens of NP-KLH immunized mice (Fig. 2-5B).  Lipogranulomas from 

TMPD-treated mice that were not immunized with NP-KLH contained more diverse populations 

of B cells with few V186.2 and related sequences (Fig. 2-5A-B).  The “anti-NP” sequences 
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found in individual lipogranulomas were distinct from those isolated in spleen and other 

lipogranulomas from the same mouse.  

Analysis of somatic mutation frequencies in V186.2 sequences revealed that 8/9 (88%) of 

the lipogranuloma V186.2 sequences were somatically mutated (Table 2-1).  Lipogranuloma and 

spleen sequences both had R/S ratios > 5.7, suggestive of the occurrence of somatic 

hypermutation during a primary response to NP (133).  None of the somatically mutated 

sequences contained the prototypical 33 (W → L) mutation characteristic of affinity maturation 

(134), consistent with an early NP-specific response in the lipogranulomas from these mice that 

had received only a primary immunization.   

To help address the issue of whether the lipogranuloma B cells were undergoing a primary 

anti-NP response locally as opposed to migrating there from other sites, such as secondary 

lymphoid tissue, the CDRs of related sequences isolated from lipogranulomas were compared 

(Fig. 2-6).  Sequences obtained from individual lipogranulomas displayed identical or closely 

related somatic mutations, as might be expected if they underwent expansion locally (e.g. Mouse 

#2, lipogranuloma 1, V303-DSP2.8-JH4 sequences) (Fig. 2-6, top).  However, although 

occasional new somatic mutations were found (e.g. sequence VH6-2) extensive “clonal trees” 

were not seen.  In other cases (e.g. Mouse #1, lipogranuloma 2, V303-DSP2.9-JH1) collections 

of identical germline sequences were found (Fig. 2-6, bottom).  Individual somatic mutations 

seen in the CDR sequences recovered from lipogranulomas were not found in the spleen of the 

same mouse, providing further evidence that the splenic and lipogranuloma anti-NP responses 

developed independently of each other.   

Discussion 

There are many examples of structures resembling secondary lymphoid tissue arising at 

sites of chronic inflammation (105), but it remains unclear whether this ectopic lymphoid tissue 
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is a site of cognate T-B interactions.  Specifically, although autoantigen-specific B cells have 

been reported in ectopic lymphoid tissue (112, 135), it is not known whether immune responses 

actually develop there or whether antigen-specific B cells arising in secondary lymphoid tissues 

subsequently colonize the ectopic lymphoid tissue.  Here, we addressed this question by active 

subcutaneous immunization coupled with tracking of antigen-specific B and T lymphocytes to 

peritoneal ectopic lymphoid tissue induced by TMPD.  To our knowledge, this is the first study 

to show that both hapten-specific B cells and proliferating, carrier-specific, T effector cells are 

present within ectopic lymphoid tissue.   

Our data strongly suggest that cognate antigen-specific T-B interactions occur in ectopic 

lymphoid tissue.  Following subcutaneous immunization with antigens such as NP-OVA, T and 

B-cell proliferation was seen in the TMPD-induced ectopic lymphoid tissue (Fig. 2-1E) and both 

OVA-specific T cells and NP hapten-specific B cells accumulated there (Figs. 2-2-2-3).  T cells 

in the ectopic lymphoid tissue also produced IFNγ and other cytokines (Fig. 2-2E).  Heavy chain 

sequences isolated from ectopic lymphoid tissue were highly enriched for V186.2 and other H-

chains known to generate NP-specific antibodies (Figs. 2-4-2-5) and the proportion of such 

sequences was higher than in the spleen.  Lipogranulomas also exhibited strong λ light chain 

staining consistent with an anti-NP response (Fig. 2-3).  Moreover, anti-NP antibody secreting 

cells were enriched in ectopic lymphoid tissue in comparison with the spleen.  Taken together, 

these data suggest that antigen-specific B cell and T cell responses may preferentially develop 

within the ectopic lymphoid tissue.  

Individual lipogranulomas from pre-immune mice contain relatively diverse populations of 

B cells (Fig. 2-5;(37).  In contrast, following subcutaneous immunization, the B cells present in 

individual lipogranulomas were highly oligoclonal or even monoclonal (Fig. 2-5-2-6) and 
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preferentially utilized H-chains previously reported in anti-NP responses.  Oligoclonal B cell 

expansions also are seen in individual germinal centers microdissected form secondary lymphoid 

tissues (127), suggesting that individual lipogranulomas from TMPD-treated mice are in some 

respects analogous to single germinal centers.  The oligoclonal B cell proliferation apparent in 

TMPD-induced ectopic lymphoid tissue is consistent with previous observations in ectopic 

lymphoid tissues from rheumatoid arthritis, Sjogren’s syndrome, and myasthenia gravis patients 

(108, 110, 135).  

A key question is whether the B cells in ectopic lymphoid tissue develop in situ or migrate 

into the ectopic lymphoid tissue from secondary lymphoid organs, such as the lymph nodes or 

spleen.  In view of the timing of immunization and the VH sequences obtained, it is unlikely that 

the B cells found in lipogranulomas 10-12 days after immunization originated from the germinal 

centers of secondary lymphoid tissues followed by migration to the tertiary lymphoid tissues.  

The fact that individual lipogranulomas contained non-overlapping and unrelated sets of clonal B 

cells also suggests they were not “seeded” with the products of previous germinal center 

reactions in the lymph nodes or spleen.  Moreover, the sequences recovered from spleen did not 

overlap with the lipogranuloma sequences.   

We did not find the extensive clonal trees reported previously from spleen of MRL mice 

(136).  However, extensive clonal trees were not seen in individual germinal centers, either (127) 

and the sequences illustrated in Fig. 2-6 (Mouse #2, Granuloma #1) are not that dissimilar from 

those reported previously from individual germinal centers.  The lack of clonal trees could reflect 

the relatively small number of sequences analyzed per lipogranuloma or a lower rate of somatic 

hypermutation in ectopic lymphoid tissue vs. secondary lymphoid tissues.   
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There are other important differences between the ectopic lymphoid tissue induced by 

TMPD and authentic germinal center reactions, notably the absence of well-developed FDC 

networks and PNA+ B cells (63).  ELISPOTs were larger using spleen cells vs. cells from the 

ectopic lymphoid tissue, suggesting that the splenic anti-NP B cells secrete more antibody than 

those from ectopic lymphoid tissue or that affinity maturation of B cells in the lipogranuloma is 

less efficient than in the spleen, an interpretation consistent with the lower affinity of anti-NP 

antibodies in the sera of TMPD-treated mice vs. controls (Fig. 2-1D) and the paucity of clonal 

trees.  Together, these data suggest that 1) a significant portion of the low affinity serum anti-NP 

response in TMPD-treated mice may derive from the ectopic lymphoid tissue and 2) affinity 

maturation may be defective in the ectopic lymphoid tissue- i.e. high affinity B cells may enjoy 

less of a competitive advantage over lower affinity cells in ectopic lymphoid tissue than in 

authentic secondary lymphoid tissues.  We speculate that reduced affinity maturation in the 

lipogranulomas might reflect an absence of follicular dendritic cells in view of the lack of FDC-

M1+ staining (63).  Further studies will be necessary, however, to determine whether the low 

affinity of serum anti-NP antibodies in TMPD-treated mice is due to their production in ectopic 

lymphoid tissue or is a systemic effect of TMPD treatment. 

The presence of oligoclonal B cell populations in individual lipogranulomas, lack of shared 

H-chain sequences between lipogranulomas and spleen and between individual lipogranulomas 

from the same mouse, expression of AID and the presence of circular DNA intermediates 

generated during active class switch recombination(37), as well as the presence of proliferating B 

and T cells in these structures lead us to conclude that TMPD-induced ectopic lymphoid tissue is 

a site of germinal center-like cognate T-B interactions. However, the lipogranulomas may not be 

true germinal centers and instead could be analogous to the previously reported extrafollicular 
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sites of antigen-driven somatic hypermutation of rheumatoid factor B cells (137).   Recently, 

ectopic lymphoid tissue also was found to express AID in the salivary glands of patients with 

Sjogren’s syndrome (138), supporting the idea that this may be a general feature of ectopic 

lymphoid tissue in a variety of locations.  

The formation of ectopic lymphoid tissue is strongly associated with autoimmunity and 

autoantibody production in a variety of disorders (105), including the rheumatoid synovium, 

salivary glands in Sjogren’s syndrome (110, 139), thymus in myasthenia gravis (135), and the 

thyroid in Hashimoto’s thyroiditis (99).  In several examples of organ-specific autoimmune 

disease, autoreactive B cells have been found within ectopic lymphoid tissue in the target tissues.  

We have shown recently that anti-RNP autoantibody-producing B cells are enriched in ectopic 

lymphoid tissue of TMPD-treated mice, strongly suggesting that this may be a site where 

autoreactivity may develop preferentially (37).  It will be of interest to determine where the 

antigen presenting cells responsible for activating autoreactive T cells acquire self-antigens, as 

the present data indicate that APCs from remote (e.g. subcutaneous) locations are capable of 

homing to ectopic lymphoid tissue located within the peritoneum.  The role of chemokines, such 

as CXCL19, CXCL21, and CXCL13, expressed at high levels in the ectopic lymphoid tissue (63) 

in establishing autoantibody production in ectopic sites remains to be determined.  Finally, it will 

be of interest to see if therapy aimed at disrupting the formation of ectopic lymphoid tissue will 

prevent the development of lupus in TMPD-treated mice. 
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Figure 2-1.  Serum anti-NP response after immunization with NP-KLH.  A and B, B6 mice 
injected with TMPD 3 months earlier were immunized with NP-KLH.  At day 12, 
sera were tested for IgM (A) and IgG (B) anti-NP antibodies by ELISA using NP-
BSA.  There was a significant increase in both IgM and IgG anti-NP from pre-
immune sera to day 12 immune sera.  C, Isotypes of anti-NP antibodies (ELISA) from 
mice either pre-treated or not pre-treated with TMPD prior to immunization with NP-
KLH.  D, Affinity of anti-NP antibodies developing in TMPD-treated mice vs. 
controls (no Rx) immunized with NP-KLH.  Serum binding activity (measured in 
arbitrary units using a standard curve) was measured using NP30-BSA (low and high 
avidity/affinity antibodies) and NP3-BSA (high avidity/affinity antibodies).  E, In 
vivo BrdU labeling of T and B cells in the lipogranulomas and spleens of TMPD-
treated and NP-KLH immunized mice (n = 3).  Single cell suspensions were stained 
with anti-CD45R (B220) and anti-CD3 antibodies and with an anti-BrdU antibody.  
Data are expressed as the % of BrdU+ B cells or T cells, respectively, at 4, 8, 10, or 
14 days after immunization with NP-KLH. 
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Figure 2-2.  OVA-specific T cells in lipogranulomas. A, Single cell suspensions from spleen, 
lymph nodes, or lipogranulomas of mice injected i.v. with OT-II T cells (n = 6) or 
PBS (n = 5) were analyzed by flow cytometry 7 days after immunization with NP-
OVA.  The Vα2+Vβ5+ values represent the total percentage of CD3+CD4+ T cells.  
(* Lymph nodes, P = 0.009; Lipogranuloma, P = 0.02, Mann Whitney test)  B, Mice 
were injected i.v. with DO11.10 T cells (n = 12) or PBS (n = 5) were analyzed by 
flow cytometry.  Some mice that received DO11.10 T cells were immunized with NP-
OVA (n = 7) and others were not (n = 5).  (* Spleen, P = 0.0006; Lymph node, P = 
0.01, Lipogranuloma, P = 0.02, Mann Whitney test) C, Single cell suspensions of 
lipogranulomas, spleen and draining lymph nodes from immunized or non-
immunized mice were gated on live CD3+CD4+ cells (cytox blue) and then the % of 
KJI-26+ (DO11.10 T cells) was determined from CD3+ CD4+ cells (representative of 
three independent experiments).  D, Isolated CD4+ T cells were cultured with or 
without OVA323-339 for 72 h.  T cell proliferation was measured by [3H] 
incorporation (representative of three independent experiments). E, cDNA was 
synthesized from two lipogranulomas (Lipo) or spleen from a TMPD treated mice 
immunized with NP-KLH.  IL-4, IFNγ, and IL-21 expression was determined by RT-
PCR and normalized to β-actin expression (representative of four different mice) 
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 Figure 2-3.  Anti-NP B cells in ectopic lymphoid tissue.  A, Light chain staining of B cells in 
lipogranulomas from B6 mice treated with TMPD alone or treated with TMPD and 
then immunized with NP-KLH.  Paraformaldehyde-fixed tissue was analyzed 12 days 
after NP-KLH immunization.  Paraffin sections were stained with anti-κ and anti-λ 
light chain antibodies.  B, Number of κ and λ positive cells per high power field in 
mice treated with TMPD + NP-KLH immunization or with TMPD alone (* P = 0.02, 
Mann Whitney test; representative of five independent experiments).  C, ELISPOT 
assay for anti-NP B cells.  MultiScreen HTS IP plates containing a 0.45 µm 
Immobilon-P membrane were coated with 1 µg/mL NP-BSA.  Lipogranuloma and 
spleen cells from TMPD treated mice (n = 2) or TMPD-treated and NP-KLH 
immunized mice (n = 2) were added to triplicate wells for 24 h before adding 
biotinylated goat anti-mouse IgM antibodies, streptavidin-peroxidase, and BCIP-NBT 
substrate.  Number of spots per well was determined (* P = 0.03 for both mouse A 
and mouse B, Mann Whitney test; representative of three independent experiments).  
D, Relative sizes of individual spots in ELISPOT assays using lipogranuloma (Lipo) 
or spleen (Spl) cells from TMPD treated mice either with or without NP-KLH 
immunization. 
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Figure 2 4.  VH segment usage in lipogranulomas and spleen.  Lipogranulomas from a TMPD-
treated mouse immunized with NP-KLH were pooled at day 12 and RNA was 
isolated.  Immunoglobulin VH sequences were determined from lipogranulomas (n = 
50) and spleen (n = 50) from the same mouse.  All of the sequences recovered from 
lipogranulomas bore V186.2, CH10, V303, V102, or V124 vs. 62.6% of the 
sequences recovered from the spleen (representative of three independent 
experiments). 
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Figure 2-5.  Oligoclonal VH sequences from lipogranulomas of immunized mice.  Heavy chain 

sequences are shown from spleen and lipogranulomas of two mice immunized with 
NP-KLH (day 12) and two pre-immune (not immunized) mice.  V-D-J sequences 
were amplified from cDNA by PCR and sequenced to determine VH, D, and JH 
usage.  Boxed sequences utilize VH sequences associated with anti-NP reactivity.  
Related sequences are shown in the same format. 
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Figure 2-6. CDR1 and CDR2 sequences from H-chains isolated from lipogranulomas.  
Sequences of H-chains from Mouse #1, lipogranuloma 2 (V303-DSP2.9-JH1) and 
Mouse #2, Lipogranuloma 1 (V303-DSP2.8-JH4) are aligned.  Somatic mutations are 
indicated.  Replacement mutations capitalized, silent mutations lower case. 

 

Table 2-1.  V186.2 sequences from mice undergoing primary NP-KLH immunization 
 Total number of 

seq 
No. of 
V186.2 

No. of mutated 
V186.2 

Position 33 
W     L 

 mutation 
Affinity matured 

V186.2

R/S 
FR  

R/S 
CDR  

Lipogran 35 9 8 0 0.72 6
Spleen 35 7 5 0 1.3 7.5
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CHAPTER 32 
B CELL PROLIFERATION, SOMATIC HYPERMUTATION, CLASS SWITCH 

RECOMBINATION, AND AUTOANTIBODY PRODUCTION IN ECTOPIC LYMPHOID 
TISSUE IN MURINE LUPUS 

Introduction 

Secondary lymphoid tissue, which includes lymph nodes, mucosal-associated lymphoid 

tissues, and the spleen, is organized to concentrate foreign antigens, placing the cells responsible 

for mounting an antigen-specific immune response to these antigens (T and B lymphocytes and 

dendritic cells) in close proximity (105, 140).  The tissue is organized into discrete zones 

containing T cells and dendritic cells (the periarteriolar lymphoid sheath) and B cells and 

follicular dendritic cells (the primary follicles).  The chemokines CCL19 (ELC) and CCL21 

(SLC), which attract T lymphocytes and dendritic cells, and CXCL13 (BLC), which attracts B 

lymphocytes, play an important role in establishing the compartmentalization of secondary 

lymphoid tissues into discrete T and B cell zones (141).  Antigen-specific B cells appear initially 

at the periphery of the periarteriolar lymphoid sheath forming primary foci, which are sites of 

interclonal competition for antigen among unmutated B cells (128).  Subsequently, these give 

rise to a second responding population in the follicle, germinal center B cells.  Germinal centers 

are sites of intraclonal competition for antigen and survival signals between mutated sister 

lymphocytes (128).  The germinal center reaction regulates antigen-specific clonal evolution 

during the development of B cell memory (142).  It is characterized by somatic hypermutation 

(SHM) of immunoglobulin complementarity determining regions (CDRs), class switch 

recombination (CSR), clonal expansion (proliferation), and antigen-driven affinity maturation of 

                                                 
2 Reprinted with permission from The Association of American Immunologists, Inc. Copyright 2009 Nacionales DC 
and Weinstein JS et. al B Cell Proliferation, Somatic Hypermutation, Class Switch Recombination, And 
Autoantibody Production In Ectopic Lymphoid Tissue In Murine Lupus.. J Immunol. 2009 Apr 1;182(7):4226-36. 
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B cells, expression of activation induced cytidine deaminase (AID), and a requirement for 

CD40L+ T cells (142).  B cells in newly formed germinal centers generally are often oligoclonal, 

consisting of 1-3 clones (127). 

The formation of ectopic (tertiary) lymphoid tissue in response to inflammation has been 

termed “lymphoid neogenesis” because it recapitulates many aspects of secondary lymphoid 

tissue development (95, 105).  Like secondary lymphoid tissue, the organization of ectopic 

lymphoid tissue is dependent on CCL19 (ELC), CCL21 (SLC), and CXCL13 (BLC) (1).  

Interestingly, lymphoid neogenesis is strongly associated with autoimmunity and the formation 

of autoantibodies (96).  Autoimmune disorders associated with the formation of ectopic 

lymphoid tissue include Hashimoto’s thyroiditis, Sjogren’s syndrome, rheumatoid arthritis, and 

myasthenia gravis (105).  We have shown that the intraperitoneal injection of the hydrocarbon 

pristane (2, 6, 10, 14 tetramethylpentadecane, TMPD) gives rise to the formation of ectopic 

lymphoid tissue and a chronic immune reaction culminating in the development of lupus (63).  In 

contrast, other hydrocarbon oils, such as medicinal mineral oil, induce the formation of ectopic 

lymphoid tissue but not lupus (32).  Inflammatory tissue generated in response to TMPD consists 

of dendritic cells, monocytes, T cells, and B cells, often organized into discrete zones 

reminiscent of lymph node architecture, which is vascularized by MECA-79+ high endothelial 

venules (63) .  The ectopic lymphoid tissue is organized into discrete nodular “lipogranulomas” 

(118).  CCL19, CCL21, and CXCL13 all are expressed in the lipogranulomas and likely play a 

role in recruiting immune cells into them (63).  

In this study we show that the lipogranulomas not only morphologically resemble 

lymphoid organs but also display some of the characteristics of germinal center reactions, 

namely proliferation of T and B lymphocytes, T cell dependent SHM of immunoglobulin 
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variable regions, expression of AID, and CSR.  IgG1 and IgG2a hypergammaglobulinemia 

induced by TMPD as well as the production of isotype-switched autoantibodies required the 

presence of T cells.  Moreover, autoantibody secreting cells were present in the lipogranulomas, 

consistent with the possibility that they can be generated within the ectopic (tertiary) lymphoid 

tissue. 

Materials and Methods 

Mice 

  Four-week-old female BALB/cJ mice were purchased from Jackson Laboratory (Bar 

Harbor, ME) and housed in barrier cages.  At 3 months of age, they received a single 

intraperitoneal (i.p.) injection (0.5 ml) of either TMPD (Sigma-Aldrich, St. Louis, MO) or 

medicinal mineral oil (Harris Teeter, Mathews, NC).  Peritoneal cells, lipogranulomas, and blood 

were harvested 12-20 weeks later.  In some experiments female T cell receptor deficient 

(B6.129P2-Tcrbtm1MomTcrdTm1Mom, backcross generation N12) and C57BL/6J mice 

(Jackson) were used.  These studies were approved by the Institutional Animal Care and Use 

Committee. 

Immunohistochemistry and Immunofluorescence 

 Lipogranulomas were excised from the peritoneal wall after peritoneal lavage, fixed with 

4% paraformaldehyde, and embedded in paraffin.  Immunohistochemistry was carried out by the 

Molecular Pathology and Immunology Core at University of Florida using the DAKO 

Autostainer protocol.  Briefly, 4 μm serial sections were deparaffinized and then blocked with 

Sniper (Biocare Medical, Walnut Creek, CA).   Sections were incubated with rat anti-mouse 

CD45R (B220) (BD Biosciences, San Jose, CA), CD3 (Serotec, Raleigh, NC), or Ki-67 (Dako 

Cytomation, Carpinteria, CA) for 1 hour followed by incubation with non-biotinylated rabbit 

anti-rat immunoglobulin antibodies (Vector, Burlingame, CA) for 30 minutes.  Staining was 
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visualized using Mach Gt x Rb HRP polymer (Biocare Medical, Walnut Creek, CA), the 

chromagen Cardassian DAB (Biocare Medical, Walnut Creek, CA) and Mayer’s hematoxylin 

counterstain.  Tissue sections also were stained with antibodies against follicular dendritic cells 

(FDC-M1, BD Biosciences) and processed for immunohistochemistry as above. 

To detect IgM and IgG in the lipogranulomas, de-paraffinized sections were stained with 

either FITC-conjugated goat anti-mouse IgG or IgM (Southern Biotechnology, Birmingham, 

AL), mounted using Vectashield mounting medium with DAPI (Vector) and examined by 

fluorescence microscopy. 

Bromodeoxyuridine (BrdU) Labeling of B and T Cells 

  BrdU was administered to BALB/cJ mice (0.2 mg BrdU i.p. every 4 hours for 3 doses) 

and again one day before euthanasia.  Peritoneal lipogranulomas from each mouse were excised 

and pooled.  Single cell suspensions were made by collagenase treatment (63).  Spleen cells were 

also prepared using collagenase treatment.  The isolated cells were incubated with APC-

conjugated anti-BrdU antibodies, plus anti-CD3-FITC and anti-CD19-PE antibodies (BD 

Biosciences) and analyzed by flow cytometry.  Appropriate isotype controls were used to 

evaluate background fluorescence.  Isolated lipogranuloma cells were washed in staining buffer 

(PBS supplemented with 0.1% NaN3 and 1% bovine serum albumin) and pre-incubated for 20 

minutes with 1 µg of anti-CD16 (BD Biosciences) and 0.5 µl rat serum (Sigma Aldrich) at 4°C 

in 20 µl of staining buffer to block Fc binding.  Primary antibodies were then added at pre-

titrated amounts and incubated for 20 minutes at 4°C, followed by washing in staining buffer.  

Intracellular BrdU labeling was performed after permeabilization with BD Cytoperm plus using 

the APC BrdU flow kit following the manufacturer’s instructions (BD Biosciences).  After 

gating on B220+ or CD4+ lymphocytes, the percentage of BrdU+ cells was determined by flow 
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cytometry as above.  Data were acquired on a CyAn ADP flow cytometer (Dako, Fort Collins, 

Colorado) and analyzed with FCS Express Version 3 (DeNovo Software, Thornhill, Ontario, 

Canada).  At least 50,000 events per sample were acquired and analyzed using size gating to 

exclude dead cells.  

Ki-67 Staining of B and T Cells 

  Single-cell suspensions were made from lipogranulomas and spleen, and proliferating 

cells were surface-stained with anti-B220 and anti-CD4, followed by permeabilization with cold 

70% ethanol at -20° for 3 hours.  Cells were then analyzed for intracellular staining with anti-Ki-

67 antibodies (BD Biosciences) using the manufacturer’s protocol.  After gating on B220+ or 

CD4+ lymphocytes, the percentage of Ki-67+ cells was determined by flow cytometry as above. 

Real Time-PCR Analysis of Aid and Class Switched H-Chain Transcripts 

  Total RNA from individual lipogranulomas excised from TMPD- or mineral oil-treated 

mice was isolated using Trizol (Invitrogen Life Technologies, Carlsbad, California) and 

precipitated with isopropanol.  The pellets were washed with cold 75% (v/v) ethanol and 

resuspended in diethyl pyrocarbonate (DEPC)-treated water.  One μg 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 (Invitrogen).  Conventional PCR 

amplification was carried out in a PTC-100 Programmable Thermal Controller (MJ Research, 

Inc., Waltham, MA) using primers for AID (forward- GAG GGA GTC AAG AAA GTC ACG 

CTG GA ; reverse- GGC TGA GGT TAG GGT TCC ATC TCA ) and β-actin (143).  Real-time 

PCR was performed using SYBR Green core reagents (Applied Biosystems, Foster City, CA) 

and a DNA Engine Opticon 2 continuous fluorescence detector (MJ Research).  PCR primers 

were as follows: AID forward-CCT CCT GCT CAC TGG ACT CC; AID reverse-AGG CTG 

AGG TTA GGG TTC CA; 18S forward-AGG CTA CCA CAT CCA AGG AA; 18S reverse-
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GCT GGA ATT ACC GCG GCT.  AID expression was normalized to the expression of an 

endogenous control (18s RNA) using the comparative (2 –ΔΔCt) method (144).  Data are 

expressed relative to the sample with the lowest expression level.  For detecting IgM and IgG1 

transcripts, a mixture of 8 consensus forward primers (VHF1-8) and isotype specific Cμ and Cγ1 

reverse primers were used (130).  Primers were synthesized by Invitrogen.  PCR products were 

analyzed on 1% agarose gels and stained with ethidium bromide.   

Class Switch Recombination Assay  

The occurrence of active CSR in ectopic lymphoid tissue (TMPD or mineral oil induced 

“lipogranulomas”) was evaluated by detecting looped out circular DNAs as described (145).  

Briefly, total RNA was isolated from individual lipogranulomas, treated with DNase I and 

reverse transcribed to cDNA as above. “Circle transcripts” were amplified as follows: initial 

denaturation 95°C for 9 min followed by 35 cycles of PCR (94°C for 30 sec, 58°C for 60 sec) 

using 0.025 U of Taq DNA polymerase (Invitrogen), 2.0 mM MgCl2, and 1 μM each of isotype-

specific I-region primers (Iγ1F or Iγ2aF) and a Cμ reverse primer (15).  PCR products were 

separated on a 1% agarose gel and stained with ethidium bromide. 

Immunoglobulin V-D-J Sequence Analysis 

 To determine VDJ gene usage, 1 μl cDNA was amplified using pooled forward (VHF1-8) 

and reverse (VHR2) primers (Fig. 3A) (130).  The reaction was carried out in a 20 µl volume 

using 1.25 nM pooled VHF and 2.5 nM VHR2 primers containing 1X PCR buffer, 1.5 mM 

MgCl2, 200 μM dNTPs, and 0.05 U of Taq DNA polymerase (Invitrogen), in a PTC-100 

Programmable Thermal Controller (MJ Research) as follows: denaturation at 94°C for 30 sec, 

annealing at 52°C for 30 sec, and extension at 72°C for 1 min.  After 30 cycles, extension was 

continued at 72°C for an additional 10 min.  The PCR product was cloned into a TA vector 

(pCR4, Invitrogen) and sequenced using an Applied Biosystems Model 373 Stretch DNA 
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Sequencer, 377 DNA Sequencer, or 3100 Genetic Analyzer using a T7 sequencing primer.  The 

determined sequences were verified by sequencing in the reverse direction using a T3 

sequencing primer.  VH, D, and JH sequences were identified by searching the Ig-BLAST and 

IMGT/V-Quest databases using MacVector software (Accelrys Inc., San Diego, CA).   

Enzyme Linked Immunosorbent Assay 

  Anti-nRNP/Sm antigen-capture ELISAs were performed as described (94).  Antigen-

coated wells were incubated with 100 µl mouse sera diluted 1:500 in blocking buffer for 1 hr at 

22°C, washed three times with TBS/Tween 20, and incubated with 100 µl alkaline phosphatase-

labeled goat anti-mouse IgG or IgM (1:1000 dilution) for 1 hr at 22°C.  After washing, the plates 

were developed with p-nitrophenyl phosphate substrate (Sigma).  Optical density at 405 nm 

(OD405) was read using a VERSAmax microplate reader (Molecular Devices Corporation, 

Sunnyvale, CA). ).  Standard curves were generated using serial dilutions of a murine anti-U1-

70K monoclonal antibody (2.73).  Concentrations of anti-Sm/RNP autoantibodies were 

calculated using a four-parameter logistic equation as part of the Softmax Pro 3.0 ELISA plate 

reader software.  Total levels of IgG1, IgG2a, IgG3, and IgM were measured by ELISA as 

described (27). 

Quantification of Plasmablasts 

Single-cell suspensions were made using spleen and lipogranuloma tissue from five 

TMPD-treated BALB/c mice.  Cells were stained with APC-conjugated anti-B220 and PE-

conjugated anti-CD138 antibodies (BD Pharmingen) and analyzed by flow cytometry as above. 

ELISPOT Assay for Total Immunoglobulin 

Lipogranulomas and splenocytes from TMPD treated mice were harvested, analyzed by 

flow cytometry to determine B cell numbers (anti-CD19), and plated (3 X 105 cells/well) in 

quadruplicate on Multiscreen HTS plates (Millipore, Billerica, MA) coated with rat IgG anti-
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mouse light chain antibodies (κ and λ chain specific, 3 µg/ml each, from BD Pharmingen).  The 

cells were incubated overnight before adding a combination of alkaline phosphatase-conjugated 

rat anti-mouse IgG1, IgG2a, IgG2b antibodies (1:1000 dilution).  Spots were developed 

overnight with BCIP/NBT (Pierce Chemical Co., Rockford, IL).  The number of antibody 

secreting lipogranuloma cells and splenocytes per 100,000 B cells was determined by counting 

the spots using a dissecting microscope. 

ELISPOT Assay for Anti-RNP Autoantibodies 

  The production of anti-U1A (a subset of anti-RNP) autoantibodies in the ectopic 

lymphoid tissue also was examined by ELISPOT assay.  A human full-length U1A cDNA was 

obtained by RT-PCR (PTC-100 Programmable Thermal Controller (MJ Research, Inc., 

Waltham, MA) from normal human PBMC cDNA.  The forward primer was GCG GAT CCG 

CAG TTC CCG AGA CCC GCC CTA ACC AC Bam HI and reverse primer was GCA AGC 

TTC TAC TTC TTG GCA AAG GAG ATG TTC Hind III.  The amplified fragment was 

inserted between the BamHI and HindIII sites of pET28A (Invitrogen) in-frame with the 6His 

sequence.  The vector was used to transform E. coli BL21 DE3 and recombinant protein was 

expressed by growing in LB medium containing 10 μg/ml kanamycin and 2 mM IPTG.  Four 

hours later, the bacteria were lysed using 6 M guanidine HCl + 0.5 mM phenylmethylsulfonyl 

fluoride and 0.3 TIU/ml aprotinin.  Recombinant protein was purified using Ni-NTA resin 

columns (Sigma).  The protein was eluted with 6 M urea. 

Reactivity with serum anti-RNP autoantibodies from TMPD-treated mice was verified by 

ELISA.  The microtiter plate wells (Immobolizer Amino; Nunc, Napeville, IL) were coated with 

1 μg/ml purified recombinant antigen in BBS overnight at 4° C.  The remainder of the ELISA 

was carried out as described above.  Sera from 20 anti-Sm/RNP positive TMPD-treated mice and 

20 untreated controls were tested at a 1:500 dilution followed by 1:1000 alkaline phosphatase-
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conjugated goat anti-mouse IgG antibodies (Southern Biotechnology).  Using the SoftMax Pro 

3.0 software, OD405 values were converted to units with a standard curve based on a serially 

diluted prototype serum. 

For the ELISPOT assays, lipogranuloma cells from TMPD treated BALB/cJ mice were 

harvested and plated on Multiscreen HTS plates (Millipore) coated overnight at 4°C with either 

recombinant U1A protein (5 μg/ml) or BSA followed by alkaline phosphatase-conjugated goat 

anti-mouse IgG or IgM antibodies (1:1000 dilution, Southern Biotechnology).  Spots were 

developed overnight with BCIP/NBT (Pierce) and counted as above. 

Results  

Lipogranulomas developing in the peritoneum of TMPD- or mineral oil-treated mice are a 

form of ectopic lymphoid tissue (63).  We investigated whether these structures also exhibit 

functional characteristics consistent with germinal center reactions, such as SHM, CSR, and 

antigen-driven, T cell-dependent proliferation of B lymphocytes.  

Lymphocyte Proliferation in TMPD-Induced Ectopic Lymphoid Tissue 

As shown previously (63), serial sections of lipogranulomas from TMPD-treated mice 

revealed contiguous aggregates of B220+ and CD3+ cells (Fig. 3-1A).  Ki-67+ cells were found 

in the same region, consistent with the presence of proliferating lymphocytes (Fig. 3-1A).  

However, it was difficult to determine from these sections whether T cells, B cells, or both were 

proliferating.  To address this question, pooled lipogranulomas were analyzed by flow cytometry 

using anti-B220, CD4, and Ki-67 antibodies.  A small percentage of B220+ (4.91%) and CD4+ 

lymphocytes (3.85%) was Ki-67+ (Fig. 3-1B).  To confirm the presence of proliferating B and T 

lymphocytes in the ectopic lymphoid tissue, TMPD-treated mice were injected with BrdU (0.2 

mg every 4 hours for 3 doses) and euthanized the following day.  Incorporation of BrdU by B 

and T cells in the lipogranulomas and spleen was determined by flow cytometry using anti-BrdU 
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antibodies.  BrdU+ B (B220+) and T (CD3+) cells were present in both the lipogranulomas and 

the spleen (Fig. 3-1C).  There was a significantly higher percentage of BrdU+ B and T cells in 

the lipogranulomas compared with spleen (p = 0.028), indicating that B and T cell proliferation 

was greater in the ectopic lymphoid tissue than in secondary lymphoid tissue (spleen).  Follicular 

dendritic cells could not be identified in the ectopic lymphoid tissue after staining with FDC-M1 

antibodies (Fig. 3-1A), whereas strong staining of follicular dendritic cells could be 

demonstrated in the spleen (not shown). 

Expression of AID and CSR in TMPD-Induced Ectopic Lymphoid Tissue 

  As B cell proliferation in lymphoid follicles is linked to SHM and Ig repertoire 

diversification (99), we examined the expression of AID, a marker of CSR and SHM, in TMPD 

and mineral oil lipogranulomas.  By RT-PCR, expression of AID was demonstrated in both 

TMPD and mineral oil induced lipogranulomas but not in peritoneal exudate cells (Fig. 3-2A).  

However, the expression appeared lower than in the spleen.  Quantitative PCR confirmed that 

AID expression was lower in lipogranulomas than spleen from TMPD-treated mice, whereas the 

levels were comparable in lipogranulomas vs. spleen of mineral oil treated mice (Fig. 3-2A, 

right).  The expression of AID was higher in TMPD or mineral oil lipogranulomas than in 

peritoneal exudate cells.   

Since AID expression is required for immunoglobulin class switching, we examined 

whether IgG-producing B cells were present in the ectopic lymphoid tissue.  Class switching to 

IgG1 and IgG2a, which requires T cells and is characteristic of germinal center reactions, was 

detected using conventional RT-PCR.  Variable levels of µ H-chain mRNA could be detected in 

nearly all lipogranulomas from either TMPD- or mineral oil-treated mice and high levels were 

also found in the spleen (Fig. 3-2B).  In contrast, γ1 H-chain mRNA was more abundant in the 

ectopic lymphoid tissue from TMPD-treated mice in comparison with mineral oil treated mice.  
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At least low levels of γ1 H-chain were detectable by RT-PCR in 11/12 TMPD lipogranulomas 

vs. 1/12 mineral oil lipogranulomas (Fig. 3-2B, right). 

CSR is accompanied by the looping out of a DNA segment containing Cμ and other CH 

genes generating closed circular DNAs with isotype-specific I-Cμ transcripts.  In vitro, these 

“circle transcripts” are completely removed within 48 hours and detection of circle transcripts by 

PCR is indicative of active CSR (145).  We used the presence of circle transcripts to evaluate 

whether the lipogranulomas were a site of active CSR.  Consistent with the data shown in Fig. 3-

2B, γ2a or γ1 (not shown) circle transcripts were detected in some of the TMPD-induced 

lipogranulomas (5 out of 31 total), but were rarely detected in mineral oil lipogranulomas (1 out 

of 17) (Fig. 3-2C).  As a further confirmation, lipogranulomas from mineral oil or TMPD-treated 

mice were stained with FITC-conjugated anti-immunoglobulin antibodies (μ or γ chain specific) 

and examined by fluorescence microscopy (Fig. 3-2D).  Mineral oil and TMPD lipogranulomas 

both contained cells expressing μ H-chain, whereas γ H-chain was detected only in TMPD 

lipogranulomas. 

Individual Lipogranulomas from a Single Mouse Contain Different Populations of B Cells 

  Germinal center reactions are characterized by oligoclonal expansions of antigen-specific 

B cells with somatically mutated immunoglobulin H and L chains.  We therefore examined the B 

cell repertoire in single lipogranulomas (ectopic lymphoid tissue) induced by TMPD or mineral 

oil treatment.  Figure 3-3A shows the primers used to analyze immunoglobulin VH gene 

expression in the ectopic lymphoid tissue.  A total of 78 sequences isolated from 7 individual 

lipogranulomas from three TMPD-treated mice and 22 sequences isolated from 4 individual 

lipogranulomas from two mineral oil treated mice were analyzed.  Figure 3-3B depicts the 

distribution of V-D-J segment usage in individual lipogranulomas from three representative 

mice.  Lipogranulomas  #137, 139, and 140 were isolated from a single TMPD-treated mouse, 
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lipogranulomas #190 and 193 from another mouse, and lipogranulomas #201 and 204 from a 

third mouse.  Diverse H-chain sequences were obtained from each individual lipogranuloma.  In 

some cases, several identical or closely related sequences were obtained from the same 

lipogranuloma.  For example, six identical, somatically mutated rearrangements comprised of 

VH36-60-DFL16.1-JH4 were obtained from lipogranuloma #137 and 4 of 7 clones obtained 

from lipogranuloma #139 used J558.45-DFL16.1-JH1 segments (Figs. 3-3B and 3-4A).  One 

sequence from lipogranuloma #139 and six from lipogranuloma #137 bore a VH36-60-DFL16.1-

JH4 rearrangement (Fig. 3-3B, indicated by *).  However, sequence analysis showed that the 

somatic mutations found in the sequence from lipogranuloma #139 differed substantially from 

those in lipogranuloma #137, indicating that these sequences were clonally unrelated (Fig. 3-

4A).  Four sequences from granuloma #139 and two from #140 did have identical germline 

J558.45-DFL16.1-JH1 sequences (indicated by †).  However, as all sequences were in a germline 

configuration, it could not be determined whether they were clonally related or derived from two 

clones that independently rearranged the same V-D-J segments.  Sequences from the remaining 

five granulomas from TMPD-treated mice contained no shared sequences.  VH36-60 sequences 

were isolated frequently from TMPD-, but not mineral oil-induced lipogranulomas (9 out of 78 

vs. 0 out of 22 sequences).   

The sequences recovered from mineral oil lipogranulomas were also diverse (Fig. 3-3C).  

As in the TMPD lipogranulomas, there were occasional examples of the same V-D-J 

combination being found in more than one lipogranuloma (Fig. 3-3C, indicated by **).  In this 

case, the sequences were identical (Fig. 3-4B).  However, as was true of the shared sequences in 

granulomas #139 and 140 (above), the sequences were germline, making it difficult to evaluate 
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whether they were derived from a single clone or two independent clones with the same V-D-J 

segments.  

As suggested by the representative sequences shown in Fig. 3-4B, the H-chain sequences 

from ectopic lymphoid tissue in mineral oil treated mice contained fewer somatic mutations than 

those from TMPD-treated mice.  The total somatic mutation frequency in the heavy chain of 

mice treated with TMPD was 4.9% (607 mutations/12466 bases) in contrast to 0.8% (37 

mutations/4336 bases) in mineral oil treated mice.  As shown in Table 3-1, the somatic mutations 

were found predominantly in the CDR regions of sequences obtained from both TMPD- and 

mineral oil- induced ectopic lymphoid tissue (replacement/silent mutation ratios of 7.2 and 8, 

respectively, for the CDR regions of TMPD and mineral oil-treated mice vs. 1.7 and 2.0 for the 

framework regions), suggesting that in both cases, somatic mutations were generated through a 

process of antigen-selected affinity maturation.    

Taken together, these data indicate that the B cells from ectopic lymphoid tissue induced 

by TMPD or mineral oil in non-immunized mice were clonally diverse, although there was a 

suggestion that certain clones may predominate within individual lipogranulomas and that 

VH36-60, an H-chain that is utilized preferentially by B cells with rheumatoid factor or 

rheumatoid factor-anti-DNA dual reactivity (146, 147), is used considerably more frequently in 

TMPD- vs. mineral oil-induced ectopic lymphoid tissue.  We found little evidence for sharing of 

B cell clones between individual lipogranulomas, as might be expected if the ectopic lymphoid 

tissue was populated by B cells arising from another location, such as the spleen or lymph nodes.    

Somatic Hyper Mutation in TMPD-Treated Mice is T Cell-Dependent. 

 SHM of immunoglobulin genes occurring during the germinal center reaction usually 

requires CD40L+ T cells (148).  However, both inside and outside of germinal centers, SHM 

sometimes may be T cell-independent (113, 149, 150).  To investigate the role of T cells in 
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generating the somatic mutations in H-chain sequences from B cells in TMPD-induced ectopic 

lymphoid tissue, we treated B6.129P2-Tcrbtm1MomTcrdTm1Mom  (T cell receptor β-chain and 

δ-chain deficient) and wild type C57BL/6J mice with TMPD and analyzed H-chain sequences 

from the lipogranulomas 3 months later.  V-D-J sequences from TcR deficient mice had a very 

low rate of SHM (1 mutation/3252 total bases, 0.03%), whereas sequences from C57BL/6J mice 

had a more than 20-fold higher rate (12 mutations/1626 bases, 0.7%).  Significantly, these 

mutations were found mainly in the CDR regions (Table 3-2).  The greatly increased number of 

somatic mutations in wild type vs. TcR deficient mice, clustering of mutations in the CDRs, and 

the relatively low error rate reported for Taq polymerase (~ 1 error per 10,000 bases) argue that 

the observed base changes represent true somatic hypermutation and not merely polymerase 

errors.  These data provide further evidence that the SHM seen in ectopic lymphoid tissue from 

TMPD-treated mice was generated through a germinal center-like reaction.  

Pristane-Induced Hypergammaglobulinemia and Autoantibody Production are also T Cell 
Dependent  

Two of the characteristic immune abnormalities induced by TMPD treatment are induction 

of polyclonal hypergammaglobulinemia and the development of IgM and IgG autoantibodies, 

such as anti-RNP/Sm, associated with SLE.  Since CSR to γ1 and γ2a H-chain occurs in TMPD-

induced ectopic lymphoid tissue (Fig. 3-2C), we investigated whether the increased production 

of polyclonal serum IgG and IgG autoantibodies requires the presence of T cells.  Total 

immunoglobulin levels were determined (ELISA) in sera from TcR deficient and wild type mice 

treated with TMPD 3 months earlier.  Levels of IgM and IgG3 were comparable in wild type vs. 

knockout mice (Fig. 3-5A) consistent with the fact that IgM and IgG3 antibody production is 

largely T cell independent.  However, IgG1 and IgG2a levels were significantly higher in the 
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wild type mice (Mann Whitney p = 0.008 and p = 0.03, respectively), indicating that the TMPD-

induced polyclonal increase in these isotypes was T cell mediated.    

To determine whether some of the T cell-dependent immunoglobulin production was 

derived from B cells present in the lipogranulomas, ELISPOT assays were performed using 

isolated lipogranuloma cells and splenocytes.  As shown in Figure 3-5B, pooled lipogranuloma B 

cells from TMPD-treated mice secreted immunoglobulin of T cell dependent isotypes (IgG1, 

IgG2a, IgG2b) at a frequency similar to that in the spleen.  Although the percentage of 

B220+CD138+ plasmablasts was lower in the lipogranulomas compared to spleen (Fig. 3-5C), 

the frequency and size of the spots produced by lipogranuloma and splenic B cells was similar 

suggesting that individual cells from the two locations secreted comparable amounts of 

polyclonal immunoglobulin.  We previously showed that after immunization with exogenous 

antigen, T cells from the lipogranulomas secrete IL-21, which has been shown to play a role in 

plasma cell differentiation (120).  These data indicate that lipogranuloma cells actively secrete 

antibodies of T-cell dependent isotypes.  

Finally, we examined the role of ectopic lymphoid tissue induced by TMPD in the 

pathogenesis of lupus-associated autoantibodies against the U1 small ribonucleoprotein (anti-Sm 

and anti-RNP antibodies).  IgM anti-RNP/Sm autoantibodies (ELISA) were detected at low, but 

comparable, levels in the sera of wild type and TcR knockout mice (Fig. 3-6A).  In contrast, IgG 

anti-nRNP/Sm autoantibodies were produced by wild type animals but the levels in TcR 

deficient mice were not statistically different than those in untreated controls (Fig. 3-6B).  These 

experiments suggested that not only was the induction of polyclonal IgG1 and IgG2a by TMPD 

T cell dependent (Fig. 3-5), but also the appearance of class-switched serum autoantibodies 

required T cells, a characteristic of autoantibodies generated during germinal center reactions.    
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The presence in ectopic lymphoid tissue of B cells producing class-switched 

autoantibodies against the U1 small ribonucleoprotein was investigated using an ELISPOT for 

anti-U1A (anti-RNP) autoantibodies.  The purified recombinant U1A antigen used for ELISPOT 

assays was reactive with sera from 19/20 anti-RNP and/or anti-Sm positive TMPD-treated 

BALB/c mice, but not with 20 normal mouse sera (Fig. 3-6C).  As shown in Fig. 3-6D, left 

panel, large numbers of IgM anti-U1A autoantibody secreting cells were detected in cells 

obtained from TMPD-induced ectopic lymphoid tissue, but not in ectopic lymphoid tissue 

induced by medicinal mineral oil, which does not induce serum anti-RNP or anti-Sm 

autoantibodies.  Similarly, IgG anti-U1A autoantibody secreting cells were detected in TMPD-

induced ectopic lymphoid tissue, but not in mineral oil-induced ectopic lymphoid tissue (Fig. 3-

6D, right panel).  We next compared the frequencies of anti-U1A secreting B cells in the 

lipogranulomas vs. spleen of mice that were positive for serum anti-RNP autoantibodies (Fig. 3-

6E).  A substantial difference in the frequency of anti-U1A secreting B cells in the 

lipogranulomas vs. the spleen was observed (p = 0.01, Mann Whitney test).  There also was a 

significant difference in the frequencies of cells in the lipogranulomas secreting anti-U1A 

autoantibodies vs. antibodies against a control foreign antigen, bovine serum albumin (BSA) (p = 

0.03), suggesting that autoantibody producing cells may preferentially localize to or develop 

within the ectopic lymphoid tissue.   

These experiments indicate that class-switched autoantibody producing cells were present 

within the ectopic lymphoid tissue and were secreting autoantibodies.  Taken together, the data 

in Figures 3-5 and 3-6 suggest that the increased polyclonal IgG as well as the IgG anti-RNP 

autoantibodies in the sera of TMPD-treated mice are likely to be at least partially derived from B 

cells/plasma cells in the ectopic lymphoid tissue.    
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Discussion 

Structures morphologically and developmentally resembling secondary lymphoid organs 

(ectopic lymphoid tissue) form at the sites of chronic inflammation, a process known as 

lymphoid neogenesis (95, 98, 103).  There is a strong association of lymphoid neogenesis with 

humoral autoimmunity (98).  However, the role of ectopic lymphoid tissue in initiating 

immune/autoimmune responses, as opposed to serving as a reservoir for B lymphocytes 

previously activated elsewhere, has not been fully defined.  In NZB/W lupus mice, plasma cells 

are activated in the spleen and secondarily migrate to inflamed tissues, such as the kidney (117, 

124), whereas in patients with rheumatoid arthritis or Sjogren’s syndrome ectopic lymphoid 

tissue may represent a site of antigen-dependent B cell differentiation consistent with a true 

germinal center reaction (110, 111, 138).  

Intraperitoneal exposure to TMPD induces lupus in mice (18, 26) with formation of 

ectopic lymphoid tissue (63), consisting of “lipogranulomas”, discrete nodules attached to the 

mesothelial lining of the peritoneal cavity (118).  In certain strains of mice, notably 

BALB/cAnPt, plasma cell neoplasms develop in the lipogranulomas after several months (151).  

Closer examination shows that the lipogranulomas morphologically resemble secondary 

lymphoid tissue, with discrete B cell and T cell-dendritic cell rich zones, MECA-79+ high 

endothelial venules, and the expression of an array of lymphoid chemokines characteristic of 

developing lymphoid tissue (63).  Following immunization, T cells and B cells specific for 

exogenous test antigens (NP-KLH and NP-OVA) are enriched in TMPD-lipogranulomas and 

individual lipogranulomas frequently contain monoclonal populations of proliferating NP-

specific B cells along with proliferating carrier specific T cells (120). 

The objective of the current study was to see if autoimmune responses can develop within 

foci of chronic inflammation in lupus.  T and B cell proliferation and AID expression as well as 
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SHM and CSR of immunoglobulin genes were found in TMPD-induced lipogranulomas.  In 

addition, we report that B cells actively secreting a prototypical lupus autoantibody, anti-U1A, 

are enriched in the ectopic lymphoid tissue (Fig. 3-6E).  A key question is whether the local 

production of these autoantibodies is stimulated by cognate T-B interactions within the ectopic 

lymphoid tissue (consistent with a germinal center reaction) or by antigen-independent 

mechanisms, such as TLR signaling.  Although unlike germinal centers, TMPD-induced ectopic 

lymphoid tissue did not contain FDC-M1+ follicular dendritic cells (FDCs) (Fig. 3-1A), FDC-

M1- FDCs have been described (152).  

In humans, FDCs have been reported in lymphoid neogenesis arising in the stomach, 

rheumatoid synovium, salivary glands, and other locations (100, 107, 153), raising the possibility 

that the germinal center-like structures found in these sites are sites of cognate T-B interaction 

involved in autoantibody production.  Conversely, autoantibodies can be produced 

extrafollicularly by B cells located at the border between the T cell zone and the red pulp of the 

spleen (113, 154, 155).  This is a site where T cell-independent responses to foreign antigens 

occur and it has been shown that in AM14 rheumatoid factor transgenic mice, the activation of 

autoantibody production requires TLR signaling but not T cells (156).   

The presence of AID and circle intermediates in TMPD-induced ectopic lymphoid tissue 

(Fig. 3-2) strongly suggests that B cell activation occurs locally.  AID, an enzyme required for 

CSR and SHM (157, 158), is expressed in germinal centers (159).  In addition, the presence of 

circle transcripts (Fig. 3-2C), transient intermediates of CSR, that at least in vitro disappear 

within 48 hours of being generated (145) strongly suggests that the ectopic lymphoid tissue is a 

site of CSR, arguing against the possibility that isotype switched B cells secondarily migrate 

there.  However, although the presence of circle transcripts is suggestive of local CSR, we cannot 
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at present exclude the possibility that circle transcripts are degraded more slowly under in vivo 

conditions. 

In addition, although characteristic of germinal center reactions, AID expression and CSR 

can be induced in B cells by TLR signaling (160-162).  Thus, even though B cell activation  

occurs locally, since the U1 small ribonucleoprotein carries an endogenous TLR7 ligand (163), 

we cannot completely exclude the possibility that anti-Sm/RNP autoantibody production in the 

ectopic lymphoid tissue is antigen-independent and driven by TLR7 signaling, as has been 

reported for other autoantibodies.  For instance, when injected with an IgG2a anti-chromatin 

antibody, AM14 transgenic mice deficient in T cell receptors generate AM14 (rheumatoid factor) 

antibody forming cells at frequencies comparable to those in TcR sufficient controls (156).  The 

T cell independent activation of these autoantibody producing cells is mediated by dual 

engagement of the B cell receptor and Toll-like receptors.  However, TLR signaling in TMPD-

induced ectopic lymphoid tissue was insufficient to drive significant IgM or class-switched 

(IgG1, IgG2a) anti-Sm/RNP autoantibody production or SHM in TcR deficient mice (Fig. 3-6, 

Table 3-2), consistent with the possibility that cognate interactions between anti-Sm/RNP B and 

T cells take place in the ectopic lymphoid tissue, as also appears to be the case following 

immunization with exogenous antigens (120).     

Examination of the immunoglobulin repertoires in individual lipogranulomas provides 

further evidence for the local activation of antigen-specific B cells within the ectopic lymphoid 

tissue.  If B cells activated elsewhere secondarily populate the ectopic lymphoid tissue, different 

lipogranulomas might exhibit partially overlapping B cell repertoires, whereas if local expansion 

occurs (as suggested by B cell proliferation in the lipogranulomas, Fig. 3-1), the B cell repertoire 

should differ from lipogranuloma to lipogranuloma.   In most cases, different B cell repertoires 
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were found in the individual lipogranulomas from the same mouse.  We did not identify 

immunoglobulin VH-D-JH sequences that were unequivocally shared by more than one 

lipogranuloma.  In two cases (one from a TMPD treated mouse and one from a mineral oil 

treated mouse) identical V-D-J sequences were obtained from two different granulomas (Figs. 3-

3-3-4).  However, due to the germline configuration of these sequences, it could not be 

determined whether they were derived from individual B cell clones or from two B cells that 

independently rearranged the same V-D-J.  Similarly, the L-chain sequences from individual 

lipogranulomas did not overlap (data not shown).  Strikingly,  the B cell repertoire in individual 

lipogranulomas becomes highly oligoclonal following immunization with a foreign antigen (NP-

KLH or NP-OVA) concomitant with the appearance of proliferating carrier-specific T cells in 

the same location (120).   We conclude that autoantibody-secreting B cells most likely are 

activated locally within the ectopic lymphoid tissue.  This activation may be dependent on 

cognate interactions with local antigen-specific T cells, although the possibility of T cell-

independent, TLR-mediated B cell activation cannot be completely excluded.  Further studies of 

the relative importance of T cells and TLR7 signaling for activating anti-Sm/RNP B cells in 

ectopic lymphoid tissue may help elucidate why ectopic lymphoid tissue is associated with a 

wide variety of humoral autoimmune disorders, including Hashimoto’s thyroiditis (99), 

myasthenia gravis (135), multiple sclerosis (164), rheumatoid arthritis (110, 111), and Sjogren’s 

syndrome(100, 108).  Ectopic lymphoid tissue in TMPD lupus is a site of exuberant chronic 

Type I interferon production (63), which is required for the development of anti-Sm/RNP 

autoantibodies (40).  The enrichment of anti-Sm/RNP B cells in the ectopic lymphoid tissue vs. 

spleen (Fig. 3-6E) highlights the potential importance of chronic inflammation in the 

pathogenesis of lupus autoantibodies, raising the possibility that ectopic lymphoid tissue 
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formation (165, 166) or other forms of chronic inflammation (167) may be involved in the 

production of autoantibodies in human SLE as well in TMPD-lupus.   

 

Figure 3-1.  B and T cell proliferation in lipogranulomas.  A, Immunohistochemistry of a TMPD-
induced lipogranuloma (serial sections) demonstrating the presence of contiguous B 
cell (B220+) and T cell (CD3+) zones as well as cellular proliferation, as 
demonstrated by Ki-67 staining.  Bottom right panel shows the absence of cells 
staining with the follicular dendritic cell marker FDC-M1 (FDC).  B, Flow cytometry 
of lipogranuloma cells.  Gates were set on either the B cells anti-CD45R (B220) or T 
cells (anti-CD4) and the percentage of cells staining with anti-Ki67 antibodies was 
determined.  C, In vivo BrdU labeling of T and B cells in the lipogranulomas and 
spleens of TMPD-treated mice.  Single cell suspensions were stained with anti-
CD45R (B220), anti-CD3, and anti-BrdU antibodies.  Data are expressed as the % of 
BrdU+ B cells or T cells, respectively. 
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Figure 3-2.  TMPD lipogranulomas contain class switched B cells.  A, Lipogranulomas express 
AID.  Left, cDNA from TMPD or mineral oil lipogranulomas, spleen, or peritoneal 
cells was amplified using primers specific for AID or β-actin and analyzed by agarose 
gel electrophoresis.  Right, AID mRNA was quantified by real-time PCR normalized 
to 18S RNA.  B, μ and γ H-chain transcripts.  Lipogranuloma and spleen cDNA from 
mineral oil or TMPD treated mice was tested for expression of IgM and IgG1 by PCR 
using VHF1-8 and Cμ or Cγ1 reverse primers, respectively.  Left, agarose gel of 
amplified PCR products from lipogranulomas or spleen.  γ1 transcripts are seen 
strongly in two TMPD lipogranulomas (TMPD, lanes 1 and 4) and weakly in another 
(TMPD, lane 3).  Right, frequencies of IgM and IgG1 production in TMPD vs. 
mineral oil lipogranulomas (4 individual lipogranulomas/mouse, 3 mice/group).  C, 
Circle transcripts.  Presence of isotype specific I promoter-Cγ2a transcripts in 
lipogranulomas from TMPD-treated but not in mineral oil treated mice.  Circle 
transcripts were detected using Iγ2aF forward primer and CμR reverse primer.  PCR 
product sizes closely approximated the expected sizes of 458 and 318 bp (15) 
(arrows).  PCR using Β-actin primers was used as a loading control.  D, Direct 
immunofluorescence for IgM (top) and IgG (bottom) producing cells in 
lipogranulomas from mineral oil or TMPD-treated mice.   Both IgM and IgG 
producing cells were detected in ectopic lymphoid tissue from TMPD-treated mice, 
but only IgM producing cells in tissue from mineral oil-treated mice.   
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Figure 3-2.  Continued 
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Figure 3-3.  Individual TMPD-induced lipogranulomas contain distinctive populations of B cells.  

A, pooled forward primers (VHF1-8) and consensus reverse primer (VHR2) used for 
amplifying cDNA from lipogranulomas.  B, H-chains recovered from lipogranulomas 
obtained from TMPD-treated BALB/c mice.  Lipogranulomas #137, 139, and 140 
were isolated from the same mouse.  Lipogranulomas #190 and 193 were from a 
second mouse and lipogranulomas #201 and 204 from a third mouse.  C, H-chains 
recovered from two lipogranulomas (#149 and 150) obtained from a mineral oil-
treated BALB/c mouse.   
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Figure 3-4.  VH sequences from TMPD-induced lipogranulomas.  A, Sequence alignments of 
VH36-60-DFL16.1-JH4 H-chains isolated from lipogranulomas #137 and 139 (two 
individual lipogranulomas from a single TMPD-treated mouse).  Sequences obtained 
from the two different granulomas were unrelated, whereas the 6 sequences in 
granuloma #137 were identical.  B, Sequence alignments of J558.f-DSP2.9-JH2 H-
chains isolated from two different lipogranulomas (#149 and 150) from a mineral oil-
treated mouse.   
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Figure 3-5.  IgG1 and IgG2a induced hypergammaglobulinemia in TMPD-treated mice is T cell 

dependent.  A, Serum samples were obtained from wild type C57BL/6J (WT, n = 5) 
or B6.129P2-Tcrbtm1MomTcrdTm1Mom (n = 6) mice treated 3 months earlier with 
TMPD.  IgG1, IgG2a, IgG3, and IgM levels were measured by ELISA and means 
were compared by the Mann-Whitney test.  B, IgG production in lipogranulomas.  
Lipogranuloma cells and splenocytes from two mice were tested in quadruplicate for 
T cell dependent immunoglobulin secretion (IgG1+ IgG2a+IgG2b) by ELISPOT 
assay.  C, Quantification of plasmablasts in spleen and lipogranulomas.  Pooled 
lipogranuloma and spleen cells from four TMPD-treated BALBc/J mice were stained 
with anti-B220 and anti-CD138 antibodies and analyzed by flow cytometry. 
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Figure 3-6.  Ig G anti-nRNP/Sm autoantibody production in TMPD-treated mice is T cell 
dependent.  A and B, Serum samples were obtained from wild type C57BL/6J (WT, n 
= 5) or B6.129P2-Tcrbtm1MomTcrdTm1Mom (n = 6) mice treated 3 months earlier 
with TMPD.  IgM (A) and IgG (B) anti-nRNP/Sm antibody levels were measured by 
ELISA at a 1:500 serum dilution.  Means were compared by the Mann-Whitney test.  
C, Reactivity of sera with recombinant U1-A protein (ELISA).  Recombinant 6His-
tagged U1-A protein was expressed in E. coli and purified on a Ni-NTA affinity 
column.  Sera from 20 TMPD-treated BALB/c mice positive for anti-Sm/RNP 
autoantibodies and 20 normal BALB/c mouse sera were tested for reactivity with the 
recombinant antigen at a 1:100 dilution (ELISA).  D, IgM and IgG ELISPOT assay 
with purified U1-A antigen using cells isolated from collagenase treated ectopic 
lymphoid tissue from an anti-RNP positive TMPD-treated mouse or an anti-RNP 
negative mouse treated with medicinal mineral oil.  Representative of 3 experiments.  
E, IgG ELISPOT assay with purified U1-A or bovine serum albumin (BSA) antigens, 
using cells isolated from lipogranulomas (Lipogran) or spleens of anti-U1-A positive 
mice (n = 5).  The frequencies of antigen-specific spots are expressed per 50,000 B 
cells.  The frequency of anti-U1-A spots was higher in lipogranulomas than in spleen 
(P = 0.01, Mann-Whitney test) and the frequency of anti-U1-A spots was higher than 
the frequency of anti-BSA spots (P = 0.03, Mann-Whitney test). 
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Figure 3-6.  Continued. 
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Table 3-1.  Somatic hypermutation of H-chains from ectopic lymphoid tissue 
Treatment # of sequences # of mice # of lipogranulomas FR R FR S CDR R CDR 

S 
R/S FR R/S CDR 

TMPD 20 2 4 66 39 72 10 1.7 7.2 
Mineral 
oil 

20 2 4 23 11 16 2 2 8 
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Table 3-2. Somatic hypermutation in ectopic lymphoid tissue from TcR deficient mice 
   Framework CDRs R/S ratio 
Strain # of 

lipogranulomas 
# of 
sequences 

R (%) S (%) R (%) S (%) FR CDR 

WT* 2 6 0.08 0.32 1.30 0.50 0.25 2.5 
TcR 
KO 4 12 0 0 0.13 0 0 *** 
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CHAPTER 4 
MAINTENANCE OF ANTI-SM/RNP AUTOANTIBODY PRODUCTION IN 

EXPERIMENTAL LUPUS BY PLASMA CELLS RESIDING IN ECTOPIC LYMPHOID 
TISSUE AND MEMORY B CELLS RESIDING IN THE BONE MARROW 

Introduction 

Lymphoid neogenesis, the formation of ectopic (tertiary) lymphoid tissue in response to 

inflammation (103), is associated with the production of autoantibodies in several diseases 

including Sjogren’s syndrome, rheumatoid arthritis, and myasthenia gravis (112, 135, 168).  It 

remains unclear whether ectopic lymphoid tissue participates directly in generating autoreactive 

B cells or indirectly as a reservoir for antibody-secreting cells.  Lymphoid neogenesis 

recapitulates many aspects of secondary lymphoid tissue development (95).  Approximately 3 

months after intraperitoneal exposure of non-lupus prone mice to 2, 6, 10, 14 

tetramethylpentadecane (TMPD), ectopic lymphoid tissue (“lipogranulomas”) form and the mice 

develop lupus (63).  Autoantibodies are produced against the U1, U2, U4-U6, and U5 small 

nuclear ribonucleoproteins (snRNPs) (anti-Sm and anti-RNP) as well as proteins associated with 

micro RNAs (anti-Su) and dsDNA (18).  Ectopic lymphoid tissue induced by TMPD is 

organized in to T and B cell zones, is vascularized by high endothelial venules, and expresses 

high levels of chemokines that attract T cells and dendritic cells (CCL19, CCL21), as well as B 

cells (CXCL13) (18).   

B cells in this ectopic lymphoid tissue exhibit many of features reminiscent of a germinal 

center response, including class switch recombination and expression of activation-induced 

cytidine deaminase(37).  After primary immunization with exogenous antigen, antigen-specific B 

and T lymphocytes home to the ectopic lymphoid tissue and there actively secretes of class-

switched, antigen-specific immunoglobulin (120).  Interestingly, IgG anti-RNP (U1-A) 

autoantibody-secreting cells also are enriched in the ectopic lymphoid tissue (37).  The 
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relationship between these cells and the persistent anti-U1A autoantibody levels in the serum is 

at present unknown. 

Long-term serological memory can be maintained by several mechanisms: 1) long-lived 

plasma cells, normally found in the bone marrow, may continue to secrete antibodies for many 

years (169); 2) memory B cells may be continuously stimulated by antigen-specific T cells to 

undergo differentiation into short-lived plasma cells, which secrete antibodies and then undergo 

apoptosis after ~ 1-2 weeks (126, 170); or 3) memory B cells may be driven polyclonally 

through Toll-like receptor stimulation to develop into short-lived plasma cells (171, 172).  The 

objective of this study was to examine how autoantibody responses to the Sm/RNP autoantigen 

(anti-U1A autoantibodies) are maintained in TMPD-induced lupus and to evaluate the role 

played by chronic inflammation and ectopic lymphoid tissue in the persistence of autoantibody 

formation.  The data suggest that ectopic lymphoid tissue is enriched in both long- and short-

lived plasma cells producing anti-U1A autoantibodies, but nearly devoid of anti-U1A memory B 

cells.  Unexpectedly, the bone marrow of TMPD-treated mice proved to be a major reservoir of 

anti-U1A memory B cells and contained very few anti-U1A plasma cells. 

Methods and Materials 

Mice 

  Six-week-old female C57BL/6, BALBC/J, CB.17, and T cell transgenic C.Cg-Tg 

(DO11.10)10Dlo/J (DO11.10) mice were purchased from Jackson Laboratory (Bar Harbor, ME) 

and housed in barrier cages.  At 2 months of age, C57BL/6, BALBC/J, CB.17, and DO11.10 

mice received 0.5 ml of TMPD (Sigma-Aldrich, St. Louis, MO) or mineral oil (Harris Teeter) 

i.p. or left untreated.  Three months later, lipogranulomas were harvested for transplantation. 

These studies were approved by the Institutional Animal Care and Use Committee. 
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Lipogranuloma Transplantation 

For transplantation, TMPD-induced lipogranulomas were harvested from mice confirmed 

by ELISA to be producing anti-U1A antibodies.  Recipient mice underwent an upper midline 

laparotomy beginning at the mid-abdominal region and terminating superiorly at the xiphoid 

process.  The harvested donor lipogranulomas were then transplanted onto the lateral aspect of 

the peritoneal surface of the right and left costo-diaphramatic junctions using a 6-0 

polypropylene monofilament suture.  The midline laparotomy was re-approximated with 

interrupted subcutaneous monofilament sutures and the overlying skin secured with surgical 

wound clips.  Mice received 1 mL of physiological saline for resuscitation at transplant 

completion.  When indicated, mice also received lipogranuloma tissue subcutaneously or 

intraperitoneally without any suture to hold it in place.  Sham procedures were carried out with a 

midline laparotomy and placement of a 6-0 polypropylene monofilament suture on the lateral 

aspect of the peritoneal surface of the right and left costo-diaphramatic junctions.  Sham-

transplanted mice also received at the termination of the procedure. 

Flow Cytometry 

Cell suspensions from transplanted lipogranuloma or recipients spleens were analyzed 

using annexin 5-7AAD staining (apoptotic cell kit, BD).  T cells were analyzed with anti-CD3, 

anti-CD4, anti-B220, anti-CD11b, anti-CD25, anti-IgMa , and anti-IgMb antibodies (BD 

Biosciences, San Jose, CA) and anti-Foxp3 antibodies (eBioscience, San Diego, CA).  DO11.10 

T cells were identified using anti-DO11.10 (KJI-26)-APC antibodies (Invitrogen, Caltag 

Laboratories, Carlsbad, CA).  Data were acquired on a CyAn ADP flow cytometer (Dako, Fort 

Collins, Colorado) and analyzed with FCS Express Version 3 (DeNovo Software, Thornhill, 

Ontario, Canada).  At least 50,000 events per sample were acquired and analyzed using size 

gating and Sytox blue (Invitrogen ) to exclude dead cells.  
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Anti-U1A (RNP) ELISA 

The ELISA was carried out as described previously, using 6-His tagged recombinant U1A 

protein expressed in E. coli (5 μg/ml) as antigen(37).  Serum samples were tested at a 1:250 

dilution followed by incubation with alkaline phosphatase-labeled goat anti-mouse IgG (1:1000 

dilution) or biotinylated IgG2aa, IgG2ab, IgMa, or IgMb (BD Biosciences, 1 hr at 22°C), a 45 

minute incubation with neutralite-avidin (Southern Biotechnology, Birmingham, AL), and 

development with p-nitrophenyl phosphate substrate (Sigma-Aldrich).  Optical density at 405 nm 

(OD405) was read using a VERSAmax microplate reader (Molecular Devices Corporation, 

Sunnyvale, CA). 

Detection of Autoantibodies by Immunoprecipitation 

The presence of anti-Sm/RNP autoantibodies was confirmed by immunoprecipitation of 

[35S]-labeled cellular proteins and analyzed on a 12.5% SDS-polyacrylamide gel as described 

(18). 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

Total RNA was precipitated with isopropanol and the pellet washed with cold 75% (v/v) 

ethanol and resuspended in diethyl pyrocarbonate-treated water.  One µg of RNA was reverse 

transcribed to cDNA using Superscript First-Strand Synthesis System for RT-PCR (Invitrogen).  

One µl of cDNA was added to the PCR mixture containing PCR buffer, 2.5 mmol/L MgCl2, 400 

µmol/L dNTPs, 0.025 U of TaqDNA polymerase (Invitrogen), and 1 µmol/L each of forward 

and reverse primers in a 20-µl volume.  Primers were as follows: CXCL21 forward 5'-ATG ATG 

ACT CTG AGC CTC C-3' and reverse 5'-GAG CCC TTT CCT TTC TTT CC-3'; CXCL13 

forward 5'-ATG AGG CTC AGC ACA GCA AC-3' and reverse 5'-CCA TTT GGC ACG AGG 

ATT CAC-3'.  18s forward 5'-CGGCTACCACATCCAAGGAA-3'  and reverse 5'-

GCTGGAATTACCGCGGCT-3'.  Amplification was for 5 min at 94°C, followed by 35 cycles 
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of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, extension at 72°C for 1 min, and 

a final extension of 72°C for 10 min in a PTC-100 programmable thermal controller  (MJ 

Research, Inc., Waltham, MA).  PCR primers were synthesized by Invitrogen. 

Quantitative PCR 

Gene expression was quantified by real-time PCR.  One µl 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), and optimized concentrations of 

specific forward and reverse primers an a final volume of 20 µl.  CXCL12 primers were as 

follows: forward 5'-TGC TCT CTG CTT GCC TCC A-3' and reverse 5'-GGT CCG TCA GGC 

TAC AGA GGT-3' and 18s (see above).  Amplification conditions were 95°C (10 min), followed 

by 45 cycles of 94°C (15 sec), 60°C (25 sec), 72°C (25 sec), and a final extension at 72°C for 8 

minutes using a DNA Engine Opticon 2 continuous fluorescence detector (MJ Research).  

Transcripts were quantified using the comparative (2– Ct) method. 

ELISPOT Assay for Anti-RNP Autoantibody Secreting Cells 

The production of anti-U1A (a subset of anti-RNP) autoantibodies in the ectopic lymphoid 

tissue was examined by ELISPOT assay as previously described (37). 

Statistical Analysis. 

For quantitative variables, differences between groups were analyzed by the unpaired 

Student's t test. Survival curves were analyzed using the log-rank test. ANA titers and 

autoantibody levels were compared using the Mann-Whitney U test. Data are presented as means 

± SD. All tests were two-sided, and P < 0.05 was considered significant. Statistical analyses were 

performed using Prism 4.0 software (GraphPad Software, Inc.). 



 

92 
 

Results 

Antigen-specific B and T lymphocytes, including autoantibody-producing cells, home to 

TMPD-induced lipogranulomas (120).  We asked whether this ectopic lymphoid tissue continues 

to be functional outside of a chronically inflamed milieu by transplanting lipogranulomas into 

non-TMPD treated mice.  Lipogranulomas were excised from TMPD-treated mice that were 

seropositive for anti-U1-A autoantibodies (ELISA) and transplanted into non-TMPD-treated 

(anti-U1-A negative) recipients.  After 35 days, the transplanted lipogranulomas had a similar 

appearance to that of pre-transplant ectopic lymphoid tissue when stained with hematoxylin & 

eosin (Fig. 4-1A).  The transplanted ectopic lymphoid tissue was tightly adherent to the 

mesothelial surface of the peritoneum overlying the abdominal musculature.  The transplants 

were vascularized, as determined by the distribution of intravenously injected Evans Blue dye 

(EBD), an intravascular marker, in the lipogranulomas (Fig. 4-1B).  Blue staining of the 

transplanted lipogranulomas confirmed that the high endothelial venules in the transplanted 

ectopic lymphoid tissue (reference) became connected to the host’s circulation.  To verify that 

the cells in the transplanted lipogranuloma remained viable, a single cell suspension was stained 

with markers of apoptosis and necrosis (annexin 5 and 7AAD, respectively) and the total cell 

population was analyzed by flow cytometry (Fig. 4-1C).   Although only 50% of the total cells 

isolated from transplanted lipogranulomas were annexin 5- 7AAD-, this was similar to the 

percentage of live cells found in pre-transplant lipogranulomas (57% annexin 5- 7AAD-).  The 

percentage of living cells is also comparable to mineral oil-induced lipogranulomas (54% 

annexin 5- 7AAD-).  Thus, not only were the lipogranulomas re-vascularized after 

transplantation, but they also contained similar numbers of viable cells to those found in pre-

transplant lipogranulomas.   
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By flow cytometry, the cellular composition of transplanted lipogranulomas was similar to 

that of pre-transplant lipogranulomas.  Lymphocytes in the transplanted lipogranulomas (35 days 

post-transplant) consisted of 28% CD4+ T cells and 46% B cells, vs. 24% and 51%, respectively 

in non-transplanted lipogranulomas (Fig. 4-1D).  The percentages in lipogranulomas and spleen 

were similar.  Similarly, the percentages of CD11b+B220- cells (monocytes) in the transplanted 

and pre-transplant lipogranulomas were similar (11% and 10%, respectively), but less than the 

percentage in the spleen (3.4%).  These data suggest that the composition of pre- and post- 

transplant ectopic lymphoid tissue is similar. 

Lipogranulomas contain autoantibody-secreting cells that can be detected using ELISPOT 

assays (37).  To evaluate the functionality and ultimate fate of these cells following 

transplantation of lipogranulomas from anti-U1A positive TMPD-treated mice, sera were 

collected from transplant recipients at days 0, 7, 14, and 28 days and the secretion of IgG anti-

U1A was analyzed by ELISA.  Serum anti-U1A activity was detectable by ELISA and 

immunoprecipitation in mice receiving TMPD lipogranulomas starting at day 7-14 post-

transplant and increased up to 28 days post-transplant (Fig. 4-2A).  These autoantibodies also 

could be detected by immunoprecipitation (Fig. 4-2B).  In contrast, mice transplanted with 

mineral oil (anti-U1A negative) lipogranulomas or mice transplanted subcutaneously with 

TMPD lipogranulomas did not develop detectable levels of anti-U1A by 28 days (Fig. 4-2A).  

Likewise, sham transplanted mice did not develop anti-U1A autoantibodies.   

To determine if autoantibody production by the transplanted ectopic lymphoid tissue is 

affected by the chronic inflammatory response, mice were pre-treated with TMPD or mineral oil 

2 weeks prior to transplantation with lipogranulomas from anti-U1-A positive donors (Fig. 4-

2C).  In comparison with untreated controls, the strong inflammatory response induced 2 weeks 
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after TMPD treatment (69) did not increase serum autoantibody levels in the recipient mice, nor 

did mineral oil pre-treatment.  To verify that pre-treatment with TMPD or mineral oil did not 

induce anti-U1-A autoantibody production independently of the transplanted ectopic lymphoid 

tissue sham-transplanted mice also were pre-treated with TMPD or mineral oil.  These control 

mice did not produce anti-U1-A autoantibodies.  Anti-U1-A remained detectable in the serum of 

the mice transplanted with lipogranulomas from TMPD-treated donors up to 60 days afterward 

(Fig. 4-2C).  In contrast, the TMPD pre-treated sham mice began to produce anti-U1A by day 60 

post-transplant (80 days after TMPD pre-treatment), consistent with previous observations that 

TMPD treated mice develop an anti-Sm/RNP response at ~ 3 months post-treatment (18).  

Despite the production of Sm/RNP autoantibodies, recipient mice failed to develop kidney 

disease, as indicated by measurement of proteinuria (Fig 4-2D).  These data suggest that the 

transplanted ectopic lymphoid tissue contains long-lived plasma cells producing anti-U1A 

autoantibodies or else that it is capable of generating new short-lived plasma cells capable of 

secreting anti-U1A autoantibodies.   

To examine the role of T cells in the production of autoantibodies in the transplanted mice, 

we transplanted U1A+ lipogranulomas from BALB/c mice into BALB/c CD4 T cell transgenic 

DO11.10 mice.  Surprisingly, serum anti-U1A autoantibody levels were higher in DO11.10 

recipients than in wild type controls (P = 0.02, Mann-Whitney; Fig. 4-3A).  Using an antibody 

against the transgenic T cells (KJI-26), we found that by 35 days after transplantation, donor 

lipogranulomas were repopulated with large numbers of recipient T cells (Fig. 4-3B, C).  

Approximately 75-80% of the CD4+ T cells in the transplanted lipogranulomas were of donor 

(transgenic) origin, a percentage similar to that seen in the spleen.  The transplanted 

lipogranulomas expressed the T cell attractive chemokine CXCL21 (Fig. 4-3D), which may 
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mediate the influx of recipient T cells into the transplant.  These data suggest that naïve T cells 

may transit through the transplanted ectopic lymphoid tissue in a manner analogous to that in 

authentic secondary lymphoid tissue.   

The increased levels of serum anti-U1A autoantibodies in OVA-specific TcR transgenic 

DO11.10 recipients raised the possibility that recipient regulatory T cells might down-modulate 

anti-U1A autoantibody production.   CD4+CD25+FoxP3+ regulatory T cells are thought to 

down-regulate autoantibody production in some circumstances (173), and the numbers of these 

cells in the lipogranulomas increased following transplantation (Fig. 4-3E).  The percentage of 

CD4+CD25+FoxP3+ T cells in the lipogranulomas, presumably of recipient origin (Fig. 4-3E), 

increased in 4 out of 4 mice tested before transplantation and again 28 days later (mean 11.12% 

pre-transplant vs. 21.4% post-transplant, P = 0.02, Mann Whitney).  However, at least at 28 days 

post-transplantation, the presence of these cells did not turn off autoantibody production (Fig. 4-

2A).  We next examined whether the recipient’s B lymphocytes also could enter the transplanted 

ectopic lymphoid tissue. 

To examine the B cell populations in the transplanted lipogranulomas, anti-U1A+ 

lipogranulomas were transplanted from the allotype congenic CB.17 (Ighb) donors into BALB/c 

(Igha) recipients.  We took advantage of the fact that anti-U1A autoantibodies induced by TMPD 

are predominantly IgG2a in BALB/c mice (29).  Instead of IgG2aa, the CB.17 strain expresses 

IgG2ab (also termed IgG2c).  An IgG2a allotype-specific anti-U1A ELISA, we found that all of 

the serum anti-U1A autoantibodies in BALB/c mice transplanted with CB.17 lipogranulomas 

were of donor (CB.17) origin (Fig. 4-4A).  The level of serum IgG2aa (BALB/c origin) anti-U1-

A autoantibodies was no different from that of sham transplanted mice.  In contrast, IgG2ab 
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(CB.17 origin) anti-U1A autoantibody levels increased significantly following transplantation, 

indicating that the anti-U1A autoantibodies were derived exclusively from the donor B cells.  

The presence of donor and recipient surface IgM+ B cells in the transplanted 

lipogranulomas was examined 35 days post-transplant (Fig. 4-4B).  Pre-transplantation, the 

lipogranulomas contained exclusively IgMb (CB.17 donor) B cells.  In contrast, by 28 days post-

transplantation, these cells were entirely replaced by B cells of recipient origin (BALB/c, IgMa).  

Post-transplantation, the lipogranulomas contained significantly more recipient (IgMb) than 

donor (IgMb) B cells (Fig 4C, P=0.002 Mann-Whitney).  Similar to the expression of the T cell 

attractive chemokine CXCL21 (Fig. 4-3D), the B cell chemokine CXCL13 was expressed in the 

transplanted lipogranulomas (Fig. 4-4D).  These data suggest that within 1 month of 

transplantation, the donor B and T lymphocytes in the lipogranulomas were largely replaced by 

lymphocytes of recipient origin.  Nevertheless, the serum anti-U1A autoantibody levels 

continued to increase over that time and are exclusively of donor origin.  The simplest 

interpretation of these data is that the anti-U1A autoantibodies were produced by long-lived 

plasma cells or perhaps memory B cells from the transplanted lipogranulomas. 

To examine the importance of long-lived plasma cells vs. memory cells in the production 

of anti-U1A autoantibodies, CD4+ T cells were depleted in the donors as well as the recipient 

mice using the CD4-depleting monoclonal antibody GK1.5.  By treating the anti-U1A+ donor 

mice with GK1.5 four days prior to surgery nearly all CD4 T cells could be eliminated from the 

donor lipogranulomas (Fig. 4-5A). Recipient mice were treated with GK1.5 or an irrelevant 

control antibody at the time of surgery and continued to receive treatments up to 35 days post 

surgery.  CD4+ T cells remained depleted in the peripheral blood of the recipient mice 

throughout the 35-day duration of this study, whereas the control antibody had no effect (Fig. 4-
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5B).  After 35 days, lipogranulomas and spleens were excised from mice that received GK1.5 or 

control antibody and the numbers of viable (CD4+, Sytox blue-) cells were determined by flow 

cytometry.  As shown in Fig. 4-5C, CD4+ T cells were undetectable in the GK1.5 treated mice.  

Interestingly, there was a significant decrease in the numbers of CD138+CD44+ plasma cells in 

the spleen and lipogranulomas of the GK1.5 treated mice (Fig. 4-5D, P = 0.016, Mann Whitney 

test, for both spleen and lipogranulomas), consistent with the presence of short-lived plasma cells 

in both locations.  In contrast, depletion of CD4+ cells had little effect on the levels of serum IgG 

anti-U1A autoantibodies in transplanted mice (Fig. 4-5E), suggesting that the serum anti-U1A 

autoantibodies in the transplanted mice were derived from a population of long-lived plasma 

cells.  It has been demonstrated that the half-life of IgG antibodies in an adult mouse is 3 

weeks(174).  Thus, if the antibody was generated by a plasma cell prior to transplantation, 

antibody levels would be reduced by at least half 35 days post transplant. 

We next examined whether depleting CD4+ T cells had any effect on anti-Sm/RNP 

autoantibody production in non-transplanted TMPD-treated mice.  Induction of anti-Sm/RNP 

and anti-U1A autoantibodies by TMPD is abolished in nude mice and in T cell receptor deficient 

mice (37, 123).  However, the role of T cells in maintaining autoantibody production once it has 

been established has not been examined.  We therefore administered GK1.5 monoclonal 

antibodies weekly to U1A+ TMPD treated mice.  Peripheral blood CD4 counts were monitored 

every 7 days to verify depletion of all CD4+ cells (data not shown).  After 35 days of GK1.5 

treatment, lipogranuloma and spleen were harvested and the presence of live CD4 T cells was 

determined by flow cytometry.  As shown in Fig. 4-6A, the lipogranulomas and spleen did not 

contain any CD4 T cells.  Following GK1.5 treatment there was a reduction in the percentage of 

CD44+CD138+ plasma cells in the spleen, but in contrast to the transplanted lipogranulomas, 
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this was not seen in non-transplanted lipogranulomas (Fig. 4-6B).  Depletion of CD4+ T cells 

resulted in a substantial decrease in the levels of serum IgG anti-U1A autoantibodies at 35 days 

(Fig. 4-6C).  Serum levels of IgG anti-U1A were compared between day 0 and day 35 from 

individual mice treated with GK1.5 or control antibody.  Despite the significant decrease after T 

cell depletion, serum IgG anti-U1A was still detectable (Fig. 4-6C).   Anti-U1A activity 

remained significantly higher than background levels in non-TMPD-treated mice.  This may be 

partly because the half-life of murine IgG in adult mice is 3 weeks (174).  Since it remained 

unclear how much anti-U1A autoantibody could be produced de novo in the absence of CD4+ T 

cells, we examined the numbers of anti-U1A autoantibody producing cells in TMPD-treated 

mice receiving GK1.5 antibodies.  Memory B cells, but not plasma cells, can be stimulated to 

secrete antibody in vitro in the presence of LPS (171, 172).  Therefore, B cells from the 

lipogranulomas, spleen, or bone marrow of TMPD-treated, anti-U1A+, mice cultured in the 

presence or absence of LPS (5 μg/mL) followed by assessment of the numbers of anti-U1A 

secreting cells by ELISPOT (Fig. 4-6E).  In both the spleen and bone marrow, the number of IgG 

anti-U1A spots increased significantly in the presence of LPS, consistent with the presence of a 

memory B cell population.  In contrast, the number of spots in the lipogranulomas was 

unaffected by LPS, suggesting that memory B cells in the ectopic lymphoid tissue could not be 

activated by TLR4 ligand to become AFCs.  However, when T cells were depleted using GK1.5 

antibodies, the number of anti-U1A spots in lipogranulomas was decreased (P = 0.007 vs. 

treatment with control antibody, Mann Whitney test Fig 4-6D).  These data suggest that the anti-

U1A autoantibody response in the ectopic lymphoid tissue was partly T cell dependent and partly 

T cell independent.  The T cell dependent fraction apparently was not derived from a population 

of B cells/plasma cells capable of being stimulated by LPS.  In contrast, the T cell independent 
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production of anti-U1A autoantibodies could be enhanced by TLR stimulation.  The situation 

was similar in the spleen, there was an increase in the number of anti-U1A spots following LPS 

treatment.  In contrast to the lipogranulomas and spleen, very few spontaneous anti-U1A 

secreting cells were detected in the bone marrow.  However, following stimulation with LPS, 

large numbers of anti-U1A secreting B cells were found.  Their numbers were unaffected by 

GK1.5 antibody treatment (Fig. 4-6D).   

A striking and unexpected observation of the ELISPOT experiment (Fig. 4-6D) was the 

absence of anti-U1A secreting cells in the bone marrow, a major site for the accumulation of 

long-lived plasma cells (175). To examine whether the absence of plasma cells was unique to 

autoantibody producing cells or a more general phenomenon, we determined the number of 

CD138+sIgM- plasma cells in the bone marrow of TMPD-treated vs. untreated mice or TMPD-

treated IFNAR -/- mice which do not develop autoantibodies.  As shown in Fig. 4-7A, the 

number of plasma cells was substantially lower in the two TMPD-treated groups.  The 

expression of CXCL12 (real-time PCR) also was much lower in the bone marrow of TMPD 

treated mice vs. untreated controls (Fig. 4-7B).  Expression of CXCL12 was seen in the 

lipogranulomas from TMPD-treated mice, although it was lower than that seen in untreated bone 

marrow.  These data suggest that TMPD treatment may lead to the depletion of mature plasma 

cells from the bone marrow by reducing the expression of CXCL12.  Additionally, expression of 

CXCL12 in the ectopic lymphoid tissue may promote the recruitment/retention of long-lived 

plasma cells in the lipogranulomas. 

Discussion 

Ectopic lymphoid tissue (lipogranulomas) induced by i.p. injection of TMPD is a site 

where antigen-specific B and T lymphocytes accumulate and autoantibody secreting cells (ASC) 

can be detected readily (120).  Here, we show that when this ectopic lymphoid tissue was 
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transplanted into a non-TMPD treated recipient, autoantibody production by donor ASC 

continued for up to 2 months but there was no generation of autoantibody-producing host B cells.  

At the same time, the activated (CD69+) donor B cells within the ectopic lymphoid tissue were 

replaced by host B and T lymphocytes exhibiting a resting (CD69-) phenotype (Fig 4-8B).   

Using CD4 depletion and LPS stimulation, which respectively decrease or increase plasma 

cell differentiation of switched memory B cells while having little effect on mature plasma cells 

(170), we found that plasma cells were the main ACSs in the ectopic lymphoid tissue (Figs. 4-5E 

and 4-6E-4-6F).  T cell depletion had little effect on serum anti-U1A antibody levels (Fig. 4-5D), 

but reduced the numbers of CD138+CD44+ plasma cells (Fig. 4-5D), consistent with the 

presence of both long-lived plasma cells (unaffected by GK1.5 mAb treatment) and short-lived 

plasma cells, which require T cell help to be generated from precursor memory cells (170).   

TMPD treatment induced remarkable changes in the distribution of autoantibody-

producing plasma cells and memory B cells, some of which (activated CD69+ B cells in the 

ectopic lymphoid tissue) were IFN-I dependent and some (redistribution of long-lived plasma 

cells) IFN-I independent.  In addition, we identified the bone marrow of TMPD-treated mice as 

an important reservoir of autoreactive memory B cells.  TMPD-stimulated ectopic lymphoid 

tissue formation may promote autoantibody production through the persistent recruitment of 

IFN-I secreting monocytes promoting lymphocyte activation and by providing survival niches 

for autoantibody-secreting plasma cells.  However, the data also raise the possibility that 

activated B cells from the ectopic lymphoid tissue may generate memory B cells that either home 

to, or persist in, the bone marrow.  Unlike the bone marrow plasma cells, which are substantially 

depleted following TMPD treatment, autoreactive memory cells persist in the bone marrow and 
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may be a renewable pool of switched-memory cells capable of developing into autoantibody 

secreting cells that are attracted/retained in the ectopic lymphoid tissue by CXCL12. 

Ectopic Lymphoid Tissue is a Major Site of Autoantibody Production in TMPD-Lupus 

Ectopic lymphoid tissue is associated with autoantibody production in several autoimmune 

disorders (105).  Using the transplant model, ectopic lymphoid tissue can be studied outside of a 

chronic inflammatory environment, although with the caveat that the immunoglobulin repertoire 

may vary from lipogranuloma to lipogranuloma (120), leading to variability in the anti-U1A 

levels of different recipient mice. 

The ectopic lymphoid tissue of TMPD-treated mice was a significant reservoir for plasma 

cells secreting IgG anti-U1A (anti-RNP) autoantibodies, with nearly double the number of U1A 

specific ASC per 100,000 B cells as the spleen (Fig. 4-6).  Most of these cells apparently were 

short-lived plasmablasts/plasma cells derived from the T cell-mediated activation of memory B 

cells, since they could be depleted with GK1.5 mAb.  Consistent with previous reports that long-

lived plasma cells home to the inflamed kidneys and spleen of NZB/W mice (117), the chronic 

inflammatory process in TMPD-induced lipogranulomas also attracted substantial numbers of 

presumptive long lived plasma cells (unaffected by 28 days of GK1.5 mAb treatment).  

However, they were less numerous than short-lived plasma cells/plasmablasts (Fig. 4-6).  

Increased numbers of autoantibody producing plasma cells also have been reported in ectopic 

lymphoid tissue in Sjogren’s syndrome, rheumatoid arthritis, and myasthenia gravis (108, 135, 

176) . 

Regulation of Autoantibody Production in Transplanted Ectopic Lymphoid Tissue 

Transplantation of lipogranulomas from anti-U1A+ mice allowed us to examine the 

regulation of autoantibody production from ectopic lymphoid tissue in a non-inflammatory/non-

autoimmune milieu.  The ASCs continued to secrete autoantibodies exclusively of donor origin 
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that were detectable in the serum for up to 2 months after transplantation.  Serum autoantibody 

(anti-Sm/RNP) levels peaked ~1 month after transplantation, and were then maintained for an 

additional month (Fig. 4-2C).  Since the half-life of murine IgG is less than 3 weeks (174), the 

data suggest but do not prove that they were produced by long-lived plasma cells. 

To further address the origin of anti-U1A autoantibodies we treated TMPD-treated U1A+ 

mice with GK1.5 and found that serum anti-U1A antibodies decreased ~60-70%.  Nevertheless, 

some serum autoantibodies remained detectable (Fig. 4-6C-D), suggesting a portion of the IgG 

anti-U1A activity was maintained by mechanisms that were independent of T cells.  These 

autoantibodies may be derived from long-lived plasma cells or memory B cells driven to undergo 

terminal differentiation by TLR ligands (156).  In the absence of T cells memory B cells, and not 

plasma cells, can be stimulated with LPS in vitro (171).  LPS treatment revealed the presence of 

anti-U1A B cells in the spleen and, unexpectedly, the bone marrow (Fig. 4-6E).  However, the 

number of ASCs in lipogranulomas did not change with LPS stimulation, suggesting that the 

ectopic lymphoid tissue contained few memory cells.  Thus, T cell dependent autoantibody 

responses in the lipogranulomas resemble extrafollicular germinal center-like responses 

developing in the spleen of mice with spontaneous lupus (137, 177). 

Transplanted lipogranulomas maintained populations of T and B lymphocytes strongly 

resembling those in the spleen and pre-transplant lipogranulomas (Fig. 4-1D).  In contrast, the 

numbers of monocytes in pre- and post- transplant lipogranulomas was approximately 3-fold 

higher than in the spleen.  Before transplantation, many of these monocytes are immature 

(Ly6Chi) cells producing Type I interferon (IFN-I)(69).  The activation marker CD69 is IFN-I 

inducible, suggesting that the IFN-I producing Ly6Chi monocytes in lipogranulomas may 

promote B and T cell activation in the ectopic lymphoid tissue (Fig. 4-8A).  This is likely to 
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represent local, rather than systemic, IFN-I production, since the splenic B cells of TMPD-

treated mice were CD69- (Fig. 4-8A).  As Ly6Chi monocytes in TMPD-treated mice have a 

lifespan of ~3 days and are continuously replaced by Ly6Chi monocytes exiting the bone 

marrow (69), the loss of CD69+ B cells in the transplanted lipogranulomas (Fig. 4-8B) may 

reflect diminished recruitment of Ly6Chi IFN-I producing cells from bone marrow precursors 

due to the absence of peritoneal inflammation in the recipient mice.  Production of anti-Sm/RNP 

autoantibodies in TMPD-lupus is strictly dependent on IFN-I production that is stimulated by a 

TLR7 and MyD88-dependent pathway (70).  The generation of new (recipient-derived) 

autoreactive B cells in the transplanted ectopic lymphoid tissue may cease because they are 

“starved” of IFN-I (Fig 4-8C). 

Altered Bone Marrow Plasma Cell Homeostasis in TMPD-Treated Mice 

Chronic inflammation causes profound alterations in the bone marrow, with a marked 

decrease in lymphopoiesis and a corresponding increase in myeloid precursors (178).  The 

present data suggest that besides altering lymphopoiesis/myelopoiesis, TMPD treatment also 

substantially alters the plasma cell compartment.  The bone marrow is the major site of “survival 

niches” for long-lived plasma cells (179).  However, in contrast to the large number of anti-U1A 

ASCs inhabiting ectopic lymphoid tissue, they were nearly quantitatively absent in the bone 

marrow (Fig. 4-6).  There was a similar, but less profound, depletion of total class-switched 

(IgM-CD138+) plasma cells in the bone marrow.   

Remarkably, although plasma cells were absent, the bone marrow contained presumptive 

switched memory B cells that did not secrete IgG anti-U1A autoantibodies spontaneously but 

could be stimulated to become ASCs by TLR4 ligand (Fig. 4-6).  This population is reminiscent 

of the “bone marrow memory” subset identified previously by Cooper, et al. (180).  The 

functional significance of this subset is at present unknown.  Retention of this population of 
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autoreactive B cells in the bone marrow is unlikely to involve CXCL12 (181), which is greatly 

decreased in the bone marrow of TMPD-treated mice (Fig. 4-7B).  Consistent with that 

possibility, we failed to detect these cells in the ectopic lymphoid tissue of TMPD-treated mice 

(Fig. 4-6D), which expresses large amounts of CXCL12 (Fig. 4-7B). 

We hypothesize that in the presence of T cells, memory B cells may migrate into the 

lipogranuloma from either spleen or the bone marrow and develop extrafollicularly into 

plasmablasts/plasma cells.  After transplantation a reservoir of bone marrow/splenic memory 

cells is no longer present and serum anti-U1A antibodies in the recipients are derived entirely 

from plasma cells (both long- and short-lived) transplanted along with the ectopic lymphoid 

tissue.  The possibility that ectopic lymphoid tissue is populated by plasma cells derived from a 

novel subset of autoreactive bone marrow memory B cells warrants further investigation. 
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Figure 4-1.  Transplanted lipogranuloma become vascularized. (A) Endogenous TMPD-induced 

or surgically implanted lipogranulomas were removed from BALB/c mice, and 5μm 
paraffin embedded sections were stained with hematoxylin & eosin.  (B) Transplanted 
recipient mice were injected i.v. with 0.5% Evans blue dye (EBD, n = 5) or left 
uninjected (n = 3).  (C) Transplanted lipogranulomas (n = 6) were removed from 
recipient mice and analyzed by flow cytometry for dead/dying cells using annexin-5 
and 7-AAD staining.  (D) Cellular composition of spleen and lipogranulomas was 
evaluated by gating on living cells (annexin-5 and 7-AAD staining).  Upper panel, 
percentages of B cells (B220), T cells (CD4) in the transplanted lipogranulomas 
compared to pre-transplanted lipogranulomas and spleen.  Lower panel, percentages 
of monocytes (CD11b+, B220-).   
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Figure 4-2.  Serum levels of anti-U1A antibodies in recipient mice. Serum samples were 

collected at 7, 14, 28, and 35 days from mice either transplanted i.p with U1A+ 
TMPD-induced lipogranulomas (n = 7), U1A – mineral oil-induced lipogranulomas 
(n = 5), s.c. with U1A+ TMPD-induced lipogranulomas (n = 4), or sham transplanted 
(n = 4).  (A) Sera were tested for IgG anti-U1A antibodies by ELISA.  (B) Anti-U1A 
antibodies in the sera of mice transplanted i.p with U1A+ TMPD-induced 
lipogranulomas were detected by immunoprecipitation of [S35]- labeled cell extract.  
(C) Mice were injected i.p. two weeks prior to surgery with either TMPD (n = 7) 
mineral oil (n = 7) or left un-injected (n = 7).  Sera collected at days 0, 7, 14, 28, and 
60 were tested for IgG anti-U1A antibodies as in (A).  (D) Urine was collected from 
mice and tested by dipstick on days 0, 7, 14, 28, and 55 following surgery.  Data are 
representative of two experiments. 

  



 

107 
 

 

 
Figure 4-3.  Recipient T cells repopulate transplanted lipogranulomas.  (A) D011.10 mice 

received U1A+ lipogranulomas from TMPD treated BALB/c (n = 6).  Sera were 
collected at days 0, 7, 14, 28, 35 following surgery and IgG anti-U1A was assessed 
by ELISA.  (B) Lipogranulomas and spleen were harvested from DO11.10 mice 35 
days after transplant and the percentage of recipient transgenic (CD4+KJI-26+) T 
cells was detected in each tissue by flow cytometry (gated on lymphocytes and CD4+ 
cells).  (C) Percentages of recipient transgenic T cells (KJI-26+) found in 
lipogranulomas 35 days after transplant compared with pre-transplant lipogranulomas 
(P = 0.007, Mann-Whitney test).  (D) cDNA from transplanted lipogranulomas 
(Lipogran) and the spleen or recipient BALB/c mice was tested for CXCL21 
expression by RT-PCR and normalized to 18S rRNA expression (representative of 
four experiments).  (E) Regulatory T cells were analyzed from harvested 
lipogranulomas pre-transplant and 35 days post-transplant by staining for surface 
markers CD4+ CD25+ and the intracellular marker FoxP3+ (flow cytometry, n = 4).  
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Figure 4-4.  Anti-U1A antibodies are made exclusively from donor lipogranulomas.  (A) U1A+ 

lipogranulomas from CB.17 (Ighb) mice were transplanted into BALB/c (Igha) 
recipients (n = 6).  Sera were collected at days 0, 7, 14, 28, 35 and IgG2ab (IgG2c) or 
IgG2aa anti-U1A antibodies were assessed by ELISA.  (B and C) Transplanted 
lipogranulomas or un-transplanted lipogranulomas from CB.17 mice was harvested at 
day 35 and the B cells (B220+) were stained for recipient (IgMa) or donor (IgMb) 
allotypes (flow cytometry).  A representative plot shows the percentage of allotype-
specific B cells in transplanted lipogranuloma.  Data are representative of two 
experiments (P = 0.02, Mann-Whitney test). (D) cDNA from a BALB/c transplanted 
lipogranuloma (Lipogran) or spleen from a recipient mouse was tested for CXCL13 
expression (RT-PCR) normalized to 18S rRNA (representative of four experiments). 
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Figure 4-5.  Serum anti-U1A antibodies in transplanted mice persist after T cell depletion.  (A) 

U1A+ lipogranuloma from TMPD treated mice were treated with T cell depleting 
mAb GK1.5 (n = 5, left) or control (Ctl, n = 4, right) antibody.  (B) Recipient mice 
were bled every 7 days and CD4+ T cell depletion was analyzed by flow cytometry.  
(C) Lipogranuloma and spleen were excised from recipient mice 35 days after 
transplant and CD4 T cells were examined by flow cytometry GK1.5mAb (shaded) 
control mAb (open).  (D) Plasma cells (CD44+ CD138+) from recipient spleen and 
transplanted lipogranulomas were analyzed after treatment with GK1.5 or control 
antibody (p = 0.01, Mann-Whitney test).  (E) Sera were collected from either GK1.5 
or control antibody treated mice at day 0, 7, 14, 28 and 35 post-transplant.  Serum 
IgG anti-U1A levels were assessed by ELISA (data representative of two 
experiments). 
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Figure 4-6.  IgG anti-U1A antibody levels are decreased but not abolished after T cell depletion.  

TMPD treated mice were administered GK1.5 or control antibody for 35 days.  (A) 
Spleen and lipogranulomas were devoid of CD4+ T cells after GK1.5 treatment 
(shaded) whereas CD4+ T cells were still present after treating with control antibody 
(open).  (B) Plasma cells (CD44+ CD138+) from GK1.5 and control antibody-treated 
lipogranulomas and spleen were analyzed by flow cytometry.  (C)  Serum IgG anti-
U1A antibodies from TMPD-treated mice pre-GK1.5 or control antibody treatment 
vs. 35 days post-treatment.  The % decrease of IgG anti-U1A post-treatment is shown 
(p = 0.03, Mann-Whitney test).  (D) IgG anti-U1A serum levels from TMPD mice 
treated with GK1.5 vs. control antibody (p = 0.06, Mann-Whitney test) or from non-
TMPD-treated BALB/c mice (NSC) (p = 0.02, Mann-Whitney test).  (E) 
Lipogranuloma, spleen, and bone marrow were harvested from TMPD treated mice 
treated with either GK1.5 or control antibody.  B cells were negatively selected and 
cultured in the presence or absence of LPS (5 μg/ml) for 5 days.  IgG anti-U1A 
antibody production from cultured B cells was measured by ELISPOT (* P ≤ 0.02; ** 
P ≤ 0.04 Mann-Whitney test). 
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Figure 4-7.  TMPD treatment depletes plasma cells from the bone marrow.  (A)  Bone marrow 

from TMPD treated BALB/c, IFNAR-/- or untreated BALB/c was harvested.  The 
presence of CD138+IgM- plasma cells was detected by flow cytmotery (left panel).  
The percentages of bone marrow plasma cells is compared between each group of 
mice (right panel) ( P ≤ 0.02 Mann-Whitney test).  (B) Using real-time PCR the 
amount of CXCL12 was quantified from bone marrow cDNA of each group (P = 
0.02; P = 0.03 Mann-Whitney test) 
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Figure 4-8.  The effect of IFN-I on lymphocyte activation. (A) Lipogranuloma and spleen from 
TMPD-treated were harvested and the activated B cells (CD19+CD69+) and T cells 
(CD4+CD69+) were stained by flow cytometry. (B) Activated B cells 
(CD19+CD69+) from lipogranuloma pre and post transplant  as well as spleen from 
TMPD-treated or recipient mice was analyzed by flow cytometry.  (C) To determine 
the effect IFN-I has on the production of autoantibodies post transplant, U1A+ 
lipogranulomas were transplanted into IFNAR-/- mice. Sera were collected from at 
day 0, 7, 14, and 35 post-transplant.  Serum IgG anti-U1A levels were assessed by 
ELISA (data representative of two experiments). 
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CHAPTER 5 
FUTURE DIRECTIONS 

B Cells in the TMPD Model 

Although I have been able to demonstrate that autoantibodies are secreted from long lived 

plasma cells in the lipogranuloma, the generation of these autoantibodies still remains 

unanswered.  It is still unclear how tolerance is broken in many autoimmune diseases and 

specifically in the TMPD model.  I have identified a subset of B cells (IgM-IgD+) in the TMPD-

induced lipogranulomas that differs from both spleen and mineral oil lipogranulomas (Fig 5-1).  

Despite having similar number of antibody secreting B cells (Fig 3-5), the lipogranulomas tend 

to secrete a smaller amount of antibody (Fig 2-3D) on a per B cell basis compared to spleen.  

Taken together with the finding of fewer CD138+ plasma cells, this IgM-IgD+ B cell subset may 

have a role in the class switched antibody production in the lipogranuloma.  A study showed that 

in the absence of IgM, there is a population (IgM-IgD+) that is able to secrete class switched 

antibodies (182). The role and development of this B cell subset needs to be investigated further.  

I have data showing that only TMPD-induced lipogranulomas and not mineral oil 

lipogranulomas contains activated (CD69+) B cells.  In addition I demonstrated that after 

transplant the B cell that repopulate the lipogranuloma express the activation marker CD69 (Fig 

4-8B ).  Follicular dendritic cells (FDC), involved in germinal center censoring of B cells is not 

found in the lipogranuloma(183).  Potentially, the activated B cells in the lipogranulomas are 

able to expand in the absence of a proper censoring mechanism and may be the cause of the 

break in tolerance leading to autoimmunity in this model.  

T Cells in the TMPD Model 

I have shown that the initial generation and persistence of autoantibody production is T 

cell dependent (chapter 3 and 4).  Previous work has shown that in the absence of Th1 cytokines, 
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the autoantibody response is diminished but not abolished (29).  In contrast, deletion of Th2 

cytokines resulted in a slight increase in the Th1 dominated autoantibody response (43).  I have 

some preliminary evidence that TMPD actually drives a Th1 response in the lipogranulomas and 

not in the spleen, suggesting that the dominant autoreactive IgG2a response is possibly generated 

in the lipogranuloma.  Similar to lipogranuloma B cells, there is evidence that T cells in 

lipogranulomas express higher levels of the activation marker CD69 compared to spleen(Fig 4-

8A).  In combination with the activated B cells this may account for the break in tolerance 

leading to the generation of autoantibodies.  Despite that the autoantibody response is T cell 

dependent, it still remains uncertain if a T cell breaks tolerance first then activates a B cell or 

vice versa.  

Bone Marrow in the TMPD Model 

It has been demonstrated that in acute inflammatory responses, the bone marrow undergoes 

extensive myelopoiesis and lymphpoiesis(178).  Bone marrow of TMPD treated mice behave 

similarly to the bone marrow of mice undergoing this acute response.  Four months after TMPD 

injection, the bone marrow still exhibits an increase in the number of CD11b monocytes in an 

IFN-I independent manner(Fig 5-2A-5-2B).  TMPD increases the inflammatory cytokine IL-1β, 

which expands the bone marrow granulocyte (CD11b) compartment (184, 185).  Conversely, the 

number of IgM+ B cells and CD138 plasma cells in the bone marrow is decreased compared to 

control bone marrow.  It remains to be investigated if this disruption of bone marrow architecture 

is contributing to the pathogenesis of TMPD-induced autoimmunity.  

Conclusion 

The work presented revealed a potential role for ectopic lymphoid tissue in the 

development of autoimmunity.  The B and T lymphocytes present in this tissue are not only 

antigen-specific but capable of generating a de novo immune response leading to the production 
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of class switched antibodies.  In addition, we have developed a novel transplant model that 

allows ectopic lymphoid tissue to be studied further in various immunological environments.  

These studies greatly enhance the understanding of the pathogenesis of the TMPD-induced lupus 

mouse model.  Although ectopic lymphoid tissue has not been documented in human SLE, the 

TMPD-induced ectopic lymphoid tissue is a useful model to examine the mechanism of 

production of autoantibodies in many other autoimmune diseases. 

 

 

Figure 5-1.  Lipogranulomas contain an increased IgM-IgD+ B cell population.  Spleen and 
lipogranuloma from either TMPD treated or mineral oil were harvested and made into 
single cell suspensions.  Cells were gated on lymphocytes and the staining for IgM 
and IgD was analyzed by flow cytometry. 
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Figure 5-2.  TMPD drives an increase in CD11b+ cells in the bone marrow.  (A) Bone marrow 

was harvested from untreated Sv129, TMPD treated Sv129 or IFNRA-/- mice.  The 
percentage of CD11b+ myeloid cells in the bone marrow was analyzed by flow 
cytometry.  (B) The total myeloid cell count from bone marrow of treated mice.  
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