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It is desirable to have an early and sensitive detection
marker of autoimmune disease in intact animals. Nu-
clear factor (NF)-�B is a transcription factor that is
associated with inflammatory responses and immune
disorders. Previously, we demonstrated that so-called
idiotypic-driven T–B cell collaboration in mice doubly
transgenic for paired immunoglobulin and T cell re-
ceptor transgenes resulted in a systemic autoimmune
disease with systemic lupus erythematosus-like fea-
tures. Here, we investigated NF-�B activation by in-
cluding an NF-�B-responsive luciferase reporter
transgene in this animal model. Triply transgenic
mice developed bioluminescence signals from dis-
eased organs before onset of clinical symptoms and
autoantibody production, and light emissions corre-
lated with disease progression. Signals were obtained
from secondary lymphoid organs, inflamed intes-
tines, skin lesions, and arthritic joints. Moreover,
bioluminescence imaging and immunohistochemis-
try demonstrated that a minority of mice suffered
from an autoimmune disease of the small intestine, in
which light emissions correlated with antibodies
against tissue transglutaminase and gliadin. Detection
of luciferase by immunohistochemistry revealed
NF-�B activation in collaborating B and T cells, as well
as in macrophages. These results demonstrate that
bioluminescent in vivo imaging of NF-�B activation
can be used for early and sensitive detection of auto-
immune disease in an experimental mouse model,
offering new possibilities for the evaluation of anti-
inflammatory drugs. (Am J Pathol 2009, 174:1358–1367;
DOI: 10.2353/ajpath.2009.080700)

Despite intense research efforts, the etiology of most
autoimmune diseases remains obscure. Recently, CD4�

T cells that recognize V region (idiotypic, Id) peptides of
antibodies have been described in a number of autoim-
mune diseases in humans1–4 such as rheumatoid arthri-
tis,3 systemic lupus erythematosus (SLE),1,2 and mul-
tiple sclerosis,4 as well as in several murine models of
autoimmune disease.5–7 However, it has been unclear
whether Id-specific CD4� T cells may actually cause
autoimmune disease and by which mechanism they
could do so.

B cell receptors (BCRs) spontaneously undergo anti-
gen processing, and B cells display Id-peptides on their
major histocompatibility complex (MHC) class II mole-
cules; such complexes activate Id-specific T cells.8–12

Conversely, Id� B cells can be helped by Id-specific
CD4� T cells and differentiate into antibody10,13 and
autoantibody13–15 secreting B cells. Such findings have
paved the way for the concept of Id-driven T–B collabo-
ration, as first suggested by our group.11,16 Similar mod-
els were later proposed by others.6,7 Importantly, Id-
driven T–B collaboration requires BCR ligation for the
germinal center reaction and isotype switching to oc-
cur.13 Therefore, since autoantigens are ubiquitously
expressed, B cells with autoreactive BCRs are espe-
cially prone to partake in Id-driven T–B collaboration,
explaining why this type of T–B collaboration is asso-
ciated with induction of autoantibodies and autoim-
mune disease.13–15
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T cells are tolerant to abundant germline-encoded V
region sequences,17–19 in part due to deletion in the
thymus.10,14 Thus, T cell tolerance restricts the extent of
Id-driven T–B collaboration. However, a T cell repertoire
exists toward rare V region sequences that depend on
somatic mutations or possibly N-region diversity.17–19

Thus, low-frequency autoreactive B cells that express
uncommon Id could haphazardly encounter Id-specific T
cells in peripheral lymphoid tissues, resulting in Id-driven
T–B interaction and autoimmunity.6,7,11,13,14,16

Id-driven T–B collaboration and autoimmunity has
been studied in mice that are transgenic for both Id� Ig
L-chain and Id-specific T cell receptors (TCRs).10,14 Sur-
prisingly, T cell tolerance toward Id was not complete in
such doubly transgenic mice. Thus, a minor population of
Id-specific T cells escaped tolerization, expanded as
mice aged, and provided Id-driven help to Id� B cells.
Such Id-driven T–B collaboration caused secretion of
high levels of IgG antibodies and ultimately severe sys-
temic autoimmunity, including inflammatory bowel dis-
ease, arthritis, and kidney and skin diseases.14

NF-�B, originally identified in B cells,20,21 is a central
transcription factor in both innate and adaptive immune
responses. NF-�B is activated by a plethora of pro-inflamma-
tory cytokines, chemokines, adhesion molecules, and immu-
noregulatory mediators. Inappropriate regulation of NF-�B has
been associated with a number of disorders including arthritis,
asthma, and inflammatory bowel disease.20,22

At least two NF-�B signaling pathways exist.20,21 The
classical pathway is dependent on the inhibitor of kappa B
kinase beta and is involved in cytokine signaling, eg, tumor
necrosis factor (TNF)�, interleukin 1, or pathogen recogni-
tion (Toll-like receptors) in inflammatory responses and in-
nate immunity. The classical pathway is also triggered by
TCR and BCR signaling.20,21 The alternative pathway is
dependent on inhibitor of kappa B kinase alpha and is
mediated through the NF-�B family members RelB and p52.
The alternative pathway is involved in the development,
homeostasis, and activation of adaptive immunity through
ligands such as LT� and CD40L.20,21 Thus, NF-�B is in-
volved in several pathways resulting in inflammation.

To monitor NF-�B-associated inflammation in mice un-
dergoing Id-driven autoimmune disease, we have here pro-
duced triple transgenic mice expressing both Id� B cells
and Id-specific CD4� T cells14 as well as a luciferase re-
porter transgene under NF-�B control.23 On NF-�B activa-
tion and nuclear translocation of NF-�B, luciferase activity
could be repeatedly monitored in intact mice by whole body
bioluminescence imaging. Moreover, results could be cor-
roborated at the cellular level by detection of luciferase
protein expression in single cells. The results show that
imaging of NF-�B activation permits early detection of sub-
clinical disease as well as tracking of disease development.

Materials and Methods

Mice

The hemizygous �2315 Ig L-chain transgenic mice [Id�-
mice]24 and the hemizygous �� TCR transgenic mice25

specific for the Id(�2315)-peptide (amino acids 91 to 101)
presented on I-Ed are both on a BALB/c background and
have been made homozygous for their transgenes (Id�/�

and TCR�/� respectively). Mice transgenic for a lucif-
erase (Luc) reporter construct under control of NF-�B
responsive elements and with a CBAxC57BL/6 back-
ground were back-crossed three times with BALB/c
mice. Offspring that were typed as NF-�B-Luc (Luc�/�)
were crossed with homozygous TCR transgenic mice
(TCR�/�) on a BALB/c background. Resulting litters were
typed for MHC haplotype and Luc. Offspring that were
TCR�/�Luc�/� H2d/d were further crossed with homozy-
gous Id�/� mice (BALB/c background), resulting in litters
composed of TCR�/�Id�/�Luc�/� experimental mice
and TCR�/�Id�/�Luc�/� control mice. All mice were
thus H2d/d but had considerable contributions of CBA
and C57BL/6 to a predominately BALB/c background.
TCR�/�Id�/�Luc�/� control mice were H2d/d homozy-
gous offspring from an independent (TCR�/� �
Luc�/�) cross. Mice were typed for expression of Id�

L-chain and TCR transgenes by flow cytometry and for
the NF-�B transgene by injection of luciferin substrate
and measurement of in vivo bioluminescence.

Clinical Assessment of Mice

Mice were weighed weekly. Skin disease was scored as
positive when skin was clearly inflamed with induration,
erythema, loss of hair, scabbing, and scarring. Arthritis
entailed swollen joints and redness of overlying skin.
Mice with perianal erythema, rectal prolapse, diarrhea,
and mucoid/bloody stool were defined as having inflam-
matory bowel disease.

Enzyme-Linked Immunosorbent Assay

Hamster tissue transglutimase 2 (TG2) and trypsin di-
gested Gliadin, kindly provided by Dr L. Sollid (Oslo),
was coated onto 96-well plates, diluted sera was added,
and plates were developed by biotinylated rat-anti IgG
monoclonal antibody (mAb, BD Pharmingen) essentially
as described.14

Measurements of Serum Immunoglobulins
and Autoantibodies

Immunoglobulins were detected by enzyme-linked immu-
nosorbent assay as described.14 Diluted sera were
added to HEp2 cells (Immuno Concepts) and antinuclear
antibodies (ANA) were detected with Alexa Fluor 488
goat anti-IgG2a and Alexa Fluor 546 goat anti-IgG1 (Mo-
lecular probes).

Immunohistochemistry

Organs were embedded in optimal cutting temperature
compound, and 5-�m frozen sections were mounted on
L-polylysine-coated glass slides, air-dried overnight, and
blocked with 30% heat-aggregated rat serum. All further
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solutions contained 30% rat serum. Double staining:
Slides were stained with Rabbit anti-luciferase (Sigma-
Aldrich St. Louis, MO) in PBS w/30% rat serum. Nuclei
were stained with 4,6-diamino-2-phenylindoldi-hydro-
chloride (DAPI, Molecular Probes, Eugene, OR). Slides
were further developed with highly cross-absorbed goat
anti-rabbit (H�L)-Alexa 488 (Molecular Probes), followed
by signal amplification with donkey anti-goat-Alexa 488
(Molecular Probes). Fluorescein isothiocyanate-conju-
gated F(ab�)2 goat-anti-mouse-C3 was from Cappel ICN,
Costa Mesa, CA. The following mAbs were biotinylated in
our lab: transgenic TCR-clonotype-specific GB113,26 an-
ti-CD4 (GK1.5), anti-CD11b (TIB198), anti-MHC class II
(TIB120), and 2B6 (anti-C�2/3).24 MAbs were purified
and biotinylated in our lab and were detected with
streptavidin-Cy3 from Amersham Pharmacia Biotech
(Piscataway, NJ). Triple staining: Luciferase was stained
as described above. In addition, biotinylated 2B6 (anti-
C�2/3), developed with streptavidin-Alexa 355 (Molecu-
lar Probes), was used for detection of Id� B cells. Biotin-
ylated GB113, developed with streptavidin Cy3, was
used for detection of Id-specific T cells. Biotin was
blocked by avidin (Sigma-Aldrich) 10 �g/ml, followed by
addition of biotin (Sigma-Aldrich). Luciferase-staining
could also be detected in acetone or ethanol-fixed slides.

Imaging and Luciferase Measurements

Cohorts of littermates were investigated for NF-�B activity
with a luciferin-based bioluminescence assay, from three
weeks of age. Isoflurane (2.5%) was used as anesthetic
to immobilize the mice, followed by an i.p injection of
D-luciferin (120 mg/kg; Biothema, Dalarö, Sweden), dis-
solved in 200 �l PBS pH 7.8. Immediately afterward, the
mice were placed in a light-sealed chamber connected to a
sensitive and cooled CCD camera (IVIS-100 Imaging Sys-
tem, Xenogen). Luminescence emitted from the mouse was
integrated for 1 minute starting 8 minutes after the injection
of luciferin. In some experiments, mice were sacrificed;
individual organs were excised from the mice 10 minutes
after D-luciferin injection, and imaged. Light emission was
analyzed on the Living Image 2.0 software and ex-
pressed as photons/sec/cm2/steradian. Organ homoge-
nates were made by homogenizing frozen tissues in lysis
buffer (Promega, Madison, WI). The luciferase activity in
homogenates was assessed as described previously.23

The luminescent probe L-012 (8-amino-5-chloro-7-phe-
nylpyrido[3,4-day]pyridazine-1,4-(2H,3H)dione),27 Wako
Pure Chemical Industries (Osaka, Japan) emits light in
presence of oxygen radicals. L-012 was injected i.p. (25
mg/kg in 100 �l ddH2O), and mice were imaged 10 to 15
minutes later in the IVIS-100 Imaging system as de-
scribed above. In some experiments a microscope with
an ultrasensitive CCD camera (Andor iXon DV887, Andor
Technology, Belfast, Northern Ireland) was used to image
emitted light from sections.

Statistics

The Mann-Whitney test was used throughout the paper to
calculate the indicated P values.

Results

Neither Introduction of NF-�B-Luciferase
Reporter Transgenes Nor Altered Genetic
Background Affect the Course of Autoimmune
Disease Caused by Chronic Id-Driven T–B
Collaboration

The aim of the present study was to see if NF-�B activa-
tion could serve as an early in vivo marker for detection of
autoimmune disease elicited by chronic Id-driven T–B
collaboration. To this end we bred NF-�B-luciferase re-
porter transgenes into doubly Id-specific TCR/Id�Ig
transgenic mice previously described to develop hyper-
gammaglobulinemia, IgG autoantibodies and lethal SLE-
like disease.14 A potential caveat to this approach is that
the multiple NF-�B responsive elements could absorb
NF-�B and thereby thwart disease development in triply
(TCR �Id�NF-�B-Luc�) transgenic mice. Another con-
cern was that in-breeding of the NF-�B-Luc transgenes
resulted in triply transgenic mice with substantial amounts
of CBA and C57Bl/6 background genes, which could alter
the autoimmune disease previously observed in doubly
transgenic mice on a pure BALB/c background.14 How-
ever, triply transgenic mice developed lethal disease
(Figure 1A) with clinical signs (Figure 1B) and develop-
ment of IgG autoantibodies (see below) that did not differ
significantly from that previously observed in doubly
TCR�Id� transgenic mice.14 Thus, CBA and C57BL/6
background genes did not markedly influence disease
development, although minor effects cannot be ruled out.
Both TCR and Id� L chain transgenes were needed for
disease development since neither TCR�NF-�B-Luc�

nor Id�NF-�B-Luc� doubly transgenic mice developed
disease (Figure 1 and data not shown).

Measurement of Luciferase Activity

Triply transgenic mice were injected with the substrate
luciferin and photon emissions were externally detected
by use of an IVIS 100 apparatus (Xenogen) (Figure 2A–
D). Mice that lacked either TCR or Ig L chain transgenes
(ie, Id�NF-�B-Luc� and TCR�NF-�B-Luc� mice) were
used as negative controls; for reasons of simplicity, both
these controls are not always shown in the results given

Figure 1. Weight, survival, and clinical signs in triply transgenic mice. A
cohort of 13 TCR�Id�Luc� triply transgenic mice and 8 Id�Luc� transgenic
control littermates were inspected for disease and weighed weekly. A:
Weight (left) and survival (right) of mice. B: Cumulative incidences of skin,
joint and inflammatory bowel disease.
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below. In some experiments, mice were sacrificed and
imaged either after removal of skin (eg, Figure 2E), or
after explantation of organs (eg, Figures 2F and 3B). The
luciferase activity in organ homogenates23 gave similar
results (data not shown). For closer scrutiny of luciferase
activity within an organ, luciferin was sometimes dropped
onto sections and light observed with an ultrasensitive
CCD camera (eg, Figure 2G). To differentiate the cellular
origin of the luciferase signal, a staining method was
developed that revealed luciferase protein by immuno-
histochemistry. Using these different multilevel ap-
proaches, we below describe organ involvements and
cellular origins of NF-�B-dependent light signals in triply
transgenic mice suffering from Id-driven autoimmune
disease.

Early Detection of Increased NF-�B Activity in
Living Triply Transgenic Mice

Whole animals were repeatedly imaged for several
months starting from week 3. Ventral views gave the
brightest signals, presumably because such a view al-
lows detection of photons emanating from internal organs
(see below). From week 5, triply transgenic mice had a
detectable and progressive increase in bioluminescence
signals compared with Id�Luc� mice (Figure 2A). Emis-
sion intensities were slightly lower on some days presum-
ably due to luciferin substrate variability, but the anatom-
ical foci and ratio (triply transgenic versus control) of light
emissions were robust and reproducible. More specifi-
cally, the signals were strongest in the abdominal area,

Figure 2. NF-�B bioluminescence precedes and
correlates with disease. A: Photons emitted from
ventral aspects of mice with increasing age. Left:
a representative TCR�Id�Luc� mouse investi-
gated at the indicated time-points. Right: an
Id�Luc� control. B–D: Focal disease. A common
light intensity bar for all panels in B–D is shown
(right). B: Early detection of skin disease on the
dorsal aspect of head and upper thorax. Ears and
eyes are traced in some frames with a black line.
C: A representative 20-week-old triply trans-
genic mouse with severe skin disease including
scarring is shown. Focal areas detected by biolu-
minescence (left) and photo (right), have been
numbered. D: Early signals from the hind paw of
a mouse that later developed arthritis. Clinical
arthritis was only evident starting from week 14
(asterisks). E: Photons from ventral organs after
sacrifice and skin removal. The ventricle and
kidney are abbreviated as Vent and Kidn. The
surface trace of the colon in the TCR�Id�Luc�

mouse is indicated with black lines. F: Signals
from isolated organs postdissection. G: a) A
whole spleen from a triple transgenic mouse
displaying a focus of high bioluminescence sig-
nals (detected by the IVIS100) is shown. b) Light
emissions from cross sections of the same spleen
with focus were detected by a microscope with
an ultrasensitive CCD camera (see Materials and
Methods). Light emissions can be seen from the
white pulp (W, traced with a black line). c)
Immunofluorescence of an area with intense sig-
nals (see arrow from b) stained for IgG (red),
peanut agglutinin [PNA] (green), and nuclei
(blue). An active immune response with PNA�

IgG� germinal centers (yellow), PNA� IgG�

germinal centers (green), and IgG� B cells (red)
can been seen. H: NF-�B-dependent biolumi-
nescence in triple transgenic treated with L-012;
note the colocalization of NF-�B activity and
inflammatory (L-012) signals from area of the
distal colon. The inset shows NF-�B-dependent
light emission postdissection from the distal
third of the colon.
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but significant and progressively increasing signals were
also obtained from the neck, the thorax, the snout, the
perianal region, the proximal tail, the paws, and the
inguinal lymph nodes (Figure 3A). The increased sig-
nals required both Id� transgenes and TCR transgenes
because both Id�Luc� mice (Figures 2A and 3A) and
TCR�Luc� mice (not shown) had only low photon
emissions.

Importantly, the increased bioluminescence signals in
triply transgenic mice started approximately at the same
time that mice failed to gain weight (Figure 1A), and
several weeks before organ-specific clinical signs of dis-
ease (see below). In agreement with previous studies in
doubly transgenic mice,14 triply transgenic mice had de-
tectable antinuclear IgG serum antibodies first from week
8, which is several weeks delayed compared with the
increase in ventral bioluminescence signals observed in
intact mice. Sera exhibited a homogenous ANA staining
pattern,14 with antibodies predominantly of an anti-
dsDNA specificity (L.M., B.B., manuscript in preparation).
No IgG autoantibodies were detected in Id�Luc� con-
trols. ANA titers increased with age of triply transgenic
mice (data not shown). When investigated by 10 weeks
of age, ANA titers correlated with ventral light emis-
sions (Figure 4A). With advancing age, the ANA-titers
as well as ventral bioluminescence signals increased,
both parameters rising about twofold by week 14 (data
not shown).

Early Detection of Bioluminescence Signals from
Lymphoid Organs

Doubly TCR�Id� transgenic mice have a pronounced
deletion of Id-specific thymocytes due to presentation of
Id-peptide/class II molecules in the thymus.10,14 Interest-
ingly, the triply transgenic mice had increased signals
from areas corresponding to the thymus, suggesting that
negative selection of thymocytes might be associated
with activation of NF-�B (Figure 2, A and E).

We have previously described that a few Id-specific T
cells escape negative selection in doubly transgenic
mice and that these escapees with time expand in the
periphery and cause chronic Id-driven T–B collaboration
and autoimmune pathology.14 Consistent with this, triply
transgenic mice developed increased bioluminescence
in cervical and inguinal lymph nodes from 5 weeks of age
(Figure 2, A and E). The signals gradually increased
with time, suggesting an intensification of Id-driven
immune responses with age (Figure 3A). Explanted
mesenteric lymph nodes and spleens had strongly
increased signals (Figures 2F and 3B). Moreover, foci
of intense activity could be detected on spleen sec-
tions exposed to luciferin. The activity co-localized with
the white pulp (Figure 2G).

Id� B Cells and Id-Specific T Cells in Synapse
Both Express Luciferase Protein

To determine exactly which cells were responsible for
such bioluminescence, we developed a staining method
for detection of luciferase protein expressed by NF-�B-
activated cells. Id� B cells in lymph nodes and spleens of
triply transgenic mice frequently stained positive for lu-
ciferase protein, both in follicular and extra-follicular ar-
eas (Figure 5A and data not shown). Id-specific T cells
also expressed luciferase protein (Figure 5B), as did
extra-follicular CD11b� macrophages (Figure 5B).

It has previously been shown that Id-specific T cells
activate Id� B cells by cognate Id-driven collabora-
tion.13,14 To investigate whether Id� B cells and Id-spe-
cific T cells in close proximity both expressed NF-�B, we
performed triple staining. Indeed, clusters of Id-specific T
cells and Id� B cells were readily found, and both cell
types had activated NF-�B (Figure 5C).

Figure 3. Statistical evaluation of NF-�B bioluminescence signals in triply transgenic mice. A: Ventral surfaces of TCR�Id�Luc� and Id�Luc� mice (n � 13, 10
respectively) were visualized and the photons emitted from the indicated areas were measured. Note the different scales on the y axis. *P � 0.05, Mann Whitney.
B: Quantification of signals from organs of mice, P values (Mann Whitney) are indicated.

Figure 4. NF-�B bioluminescence correlates with autoantibody levels. A:
IgG ANA titers correlated with emitted photons from the ventral sides of
10-week-old triply transgenic mice. A linear regression analysis is shown. B:
The presence of IgG skin autoantibodies correlated with bioluminescence
from ears measured at the indicated time points. Triply transgenic mice were
divided into those positive or negative for serum autoantibodies against skin
antigens at any of the indicated time points. The number of autoantibody-
positive mice (out of 13) at each time-point is indicated. *P � 0.05, Mann
Whitney.
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To test whether activation of Id-specific T cells via their
TCR was sufficient to stimulate NF-�B and light emissions
in vivo, we transferred Id-specific Luc� T cells into
RAG2�/� mice. To avoid background emissions due to
homeostatic expansion of T cells in T cell-deficient hosts,
we waited 60 days before transfer of either Id� or Id�

splenocytes. After 24 hours, a fourfold increase of light
emissions was seen after injection of Id� cells, while no
increase was observed in recipients of Id� cells (L.M.,
H.C., & B.B., manuscript in preparation). The above find-
ings done in vivo were corroborated by in vitro experi-

ments where Id-specific Luc� Th2 cell lines emitted light
after exposure to Id�, but not Id� B cells (data not
shown).

Early NF-�B-Mediated Signals from the Large
Intestine

Besides a systemic autoimmune disease with SLE-like
features, chronic Id-driven T–B collaboration resulted in
inflammatory bowel disease in all mice with massive ac-
cumulations of Id-specific T cells, Id� B cells and mac-
rophages in inflamed colons.14 Consistent with this, triply
transgenic mice had a strongly increased signal from the
lower part of the abdomen and the perianal area (Figures
2A and 3A). Importantly, light signals from these areas
predated the appearance of mucoid bloody diarrhea, a
sign of inflammatory bowel disease, by several weeks.
On opening of the abdominal cavity, signal patterns de-
marking the large bowel could be seen (Figure 2E).

Sections revealed transmural inflammation with multi-
ple areas of erosions. Luciferin protein co-localized to
areas with inflammation, complement/IgG immune com-
plex deposition and cellular infiltrates, and luciferase ac-
tivity was readily detected in both Id� B cells and other
cells yet to be defined (Figure 5D). Notably, some mice
had bioluminescent stools, indicating shedding of NF-�B-
expressing cells (data not shown).

The L-012 probe emits photons when activated by
reactive oxygen radicals and has previously been used
to visualize degranulation of phagocytes in vitro.27 When
triply transgenic mice were injected with this probe, a
discrete signal was obtained that corresponded to an
area of colon that was also revealed by injection of the
luciferin substrate (Figure 2H). The reason why the L-012
probe only gave a signal localized to the colon, and not
other sites revealed by the luciferin substrate, could be

Figure 5. Luciferase protein expression was detected in T cells, B cells, and
macrophages, and in inflamed tissues. A–D: Representative examples of
immunofluorescence analyses of 15 to 19-week-old mice are shown. A:
Lymph node B cell follicles of Id�Luc� (control) and TCR�Id�Luc� mice
were stained for luciferase protein (green), Id (anti-�2/3 2B6 mAb, red), and
nuclei (DAPI, blue). NF-�B-activated Id� B cells are yellow. B: Left: Inter-
follicular area showing Id-specific T cells (TCR-clonotype specific mAb
GB113, red), and luciferase (green), and nuclei (DAPI, blue). An NF-�B
activated Id-specific T cell (yellow), two non-activated Id-specific cells (red),
as well as two NF-�B activated non-Id-specific T cells (green) are seen (T
cells expressing exclusively endogenous TCR�-chains are not Id-specific and
do not stain with GB11314). Right: interfollicular areas from Id�Luc� (con-
trol) and TCR�Id�Luc� mice showing CD11b (red) and luciferase (green)
and nuclei (DAPI, blue). NF-�B�CD11b� macrophages are yellow. C: Triple
staining of lymph node follicle showing Id� B cells (anti-�2/3 2B6 mAb,
blue), Id-specific T cells (TCR-clonotype specific mAb GB113, red), and
luciferase (green). The inset shows magnification and splitting of channels
(right). Several Id� B cells and Id-specific T cells cluster together, and both
cell types are luciferase protein positive. D: Sections of an inflamed colon
from a TCR�Id�Luc� mouse. Left top: High magnification (�400) of area
near erosion stained for Id (red), luciferase (green), and nuclei (blue).
Id�NF-�B� B cells are yellow. Left, bottom: Co-localization of IgG (red) and
C3 (green) at sites of erosion (asterisks). A cellular infiltrate is seen in the
middle left of the panel. Right, low magnification (�100): luciferase (red),
and complement C3 (green), nuclei (blue). The colon architecture is effaced
by cellular infiltrates and erosions (asterisks). Areas where C3 and luciferase
expression co-localize are yellow. E–F: Small intestines of mice with inflam-
mation. E: H&E stain. Left, mononuclear cells infiltrating a villus (arrow).
Right, shortening of villi. F: Staining of luciferase (red) and C3 (green) in
triply transgenic (left) and doubly transgenic control mice (right).
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related to the severe inflammation of the colon and infil-
tration by activated macrophages.

Early Detection of Vasculitis

We have previously observed that adult doubly trans-
genic mice often lost distal parts of their tails due to
vasculitis.14 Consistent with this, proximal tail signals
were in the present experiments significantly increased
from week 6 (Figure 3A), although no scarring or auto-
amputation due to vasculitic disease was seen before
week 20.

Early Detection of Arthritis

Previously, we have described that about 20% of
Id�TCR� mice develop arthritis characterized by pannus
formation, cartilage destruction and bone erosion.14

Based on clinical inspection, 15% of the triply transgenic
mice in the current study had arthritic disease with meta-
carpal/tarsal swelling and erythema (Figure 1B). How-
ever, nearly half the mice had signals from one or more
paws, and the increased signal was significant as early
as from week 8 (Figure 3A). In fact, mice that developed
marked swelling of joints emitted photons 5 to 8 weeks
before clinically obvious disease (Figure 2D, and data not
shown).

Early Detection of Skin Disease

Signals were also significantly augmented from the dor-
sal aspects of the mice, reflecting skin disease in the
relative absence of signals from internal organs. From
weeks 5 to 8, snout, periorbital, and ear signals were
seen (Figure 2B), antedating clinical skin and eye affec-
tion by several weeks (Figure 2B). From week 12, marked
luminescence signals were found in localized areas in
some mice, suggesting skin disease (eg, from ears),
although no visual signs of disease (except a few cases
of mild erythema) were evident by mere inspection (Fig-
ure 2B). From weeks 17 to 19, more intense signals
appeared on the dorsal aspects of mice corresponding
to sites of more severe disease (Figure 2C). Interestingly,
some foci of increased bioluminescence appeared nor-
mal by clinical inspection (Figure 2C, see spot 8). In
summary, only 5 of 13 mice had clinically obvious skin
disease before 20 weeks of age, with inflammation and
scarring (Figure 1B). However, already at 6 weeks of age
8/13 had emissions from the facial skin, and by 20 weeks,
12/13 had bright skin signals. Areas of clinical skin dis-
ease always had an increased NF-�B signal. These re-
sults indicate that NF-�B signal from the skin is a sensitive
and early indicator of skin inflammation.

Detection of Kidney Disease

We have previously described that more than a third of
Id�TCR� mice have detectable IgG and C3 depositions
in kidney glomeruli.14 However, the glomerulonephritis is

relatively mild as compared with that seen in end-stage
disease in BWF1 and MRL/lpr mice strains,28 and only
very low level proteinuria has been seen (L.M., B.B.,
unpublished). In the present study, at 20 weeks of age,
significantly increased but modest bioluminescence
signals were obtained from the dorsal aspects overly-
ing the kidneys of TCR�Id�Luc� mice (see supple-
mental Figure S1 at http://ajp.amjpathol.org). Even so, it
may be difficult ascribe such relatively weak light emis-
sions to the kidney, because the skin or the perirenal
tissue may contribute to the signal. However, on dis-
section, kidneys of triply transgenic mice exhibited
enhanced bioluminescence (Figure 2F).

NF-�B Signals Correlate with IgG Anti-Nuclear
and Skin Autoantibodies

We have previously reported that doubly TCR�Id� mice
develop IgG autoantibodies that bind tissue antigens and
activate complement at sites of disease.14 It was therefore
of interest to test if levels of skin-specific autoantibodies
(see supplemental Figure S2 at http://ajp.amjpathol.org) cor-
related significantly with bioluminescence signals from skin
so readily accessible for detection by bioluminescence.
This seemed to be the case since mice that harbored anti-
skin autoantibodies14 had significantly increased light emis-
sions from the ear (Figure 4B, and supplemental Figure S2
at http://ajp.amjpathol.org).

Hitherto Unrecognized Affection of Small
Intestine Revealed by Increased NF-�B Signals

Small intestinal disease has not previously been described
under conditions of chronic Id-driven T–B collaboration, and
has only rarely been found in other mouse models of auto-
immune diseases.29–31 It was therefore surprising to ob-
serve that 4 of the 13 triply transgenic mice had more than
twice-increased photon emissions from the small bowel.
The bioluminescence originated from both contiguous
segments of the small intestine and from focal areas, the
latter probably in part corresponding to increased activity
in Peyers’ patches (Figure 2F). Interestingly, in three of
these four mice, the light emissions from the small intes-
tine were greater than the signals from the colons. Strik-
ingly, these mice had serum IgG autoantibodies toward
tissue transglutaminase (tTG2) and IgG anti-gluten anti-
bodies (Figure 6A) that correlated with signals from the
small intestine. Moreover, two of the four had IgG anti-
endomycium autoantibodies (Figure 6B). These parame-
ters are all associated with celiac disease in humans.
Further, two of these mice had low titers of serum IgG
autoantibodies that stained murine small intestinal villi,
including epithelial cells (Figure 6C). Lastly, in addition to
bioluminescence signals, the mice had inflammation in
the small intestines, including cellular infiltrates, flattening
of villi, C3 deposition and NF-�B/luciferase expression in
a variety of cells (Figure 5, E–F). Thus, the biolumines-
cence technology directed our attention to a previous
overlooked area of pathology, the small intestine, where

1364 Zangani et al
AJP April 2009, Vol. 174, No. 4



NF-�B activation correlated with autoantibodies, cellular
infiltrates, and disease.

Discussion

We here use bioluminescence to detect and track sys-
temic autoimmune disease in intact mice. The autoim-
mune disease in this model relies on the pathogenicity of
so-called Id-driven T–B collaboration13,14 where B cells
present BCR V region antigenic determinants as Id pep-
tides on MHC class II to Id-specific T cells. In such
Id-driven T–B collaboration, autoreactive Id� B cells re-
ceive help from Id-specific T cells, undergo the germinal
center reaction, and secrete isotype-switched patho-
genic autoantibodies.13,14 We have previously described
that doubly transgenic offspring from (Id-specific TCR
transgenic � Id� L chain transgenic) mice develop sys-
temic autoimmune disease with SLE-like features.14

Herein we introduced a NF-�B responsive luciferase re-
porter transgene23 into the model to follow NF-�B activa-
tion in triply transgenic mice.

Importantly NF-�B signals were consistently detected
several weeks before clinically manifest inflammatory
bowel disease, skin disease, and arthritis. Moreover the
NF-�B signals preceded the detection of autoantibodies.
When disease developed, the clinical severity correlated
with the bioluminescence signals. Finally, biolumines-
cence signals revealed sites of disease that went unno-

ticed by clinical inspection and autopsy alone. These
results indicate that NF-�B mediated bioluminescence is
a very sensitive and early indicator of inflammation and
disease.

Bioluminescent imaging has a high sensitivity, since as
few as 103 to 106 cells can be detected, depending on
the anatomical site.32 The technique also has a high
specificity, as background light emission is virtually neg-
ligible,33 and is low in cost and high-throughput.34 Al-
though advances such as three-dimensional imaging
techniques have been developed, and gene activation
and expression can be monitored (as in the current pa-
per), bioluminescent imaging is limited by a spatial res-
olution in the millimeter range. Further, tissues vary in
their absorption of light emissions, and pathological pro-
cesses may influence tissue permeability to light, eg,
increased blood content may cause increased light ab-
sorption by hemoglobin.35 Despite these limitations, the
technology applied to disease models such as the one
examined herein should be very useful for studies on
early intervention, eg, drug treatment, to prevent or treat
autoimmune disease. Moreover, the technology might be
extended to human disease in human 3 mouse xeno-
graft models.

NF-�B activation can result from a plethora of cellular
stimuli and signaling pathways.20,21,36 Thus NF-�B me-
diated light emissions could in the present experiments
result from a number of independent pathways and set-
tings, with contributions from (i) baseline, homeostatic
NF-�B signals, (ii) Id-specific TCR signaling, (iii) autoan-
tigen-specific BCR signaling, (iv) Id-driven T–B collabo-
ration, and (v) autoantibody secretion, immune complex
deposition, recruitment of cells to sites of inflammation,
tissue destruction, erosions and exposure to intestinal
microflora.

As concerns baseline homeostatic signaling (i) during
the first 3 weeks of age, NF-�B signals from triply trans-
genic were confined to lymph nodes and the thymus and
were equivalent to littermate controls. This background
level of NF-�B could be caused by responses to homeo-
static chemokines such as secondary lymphoid-tissue
chemokine (SLC, CCL21), stromal cell-derived factor-1
(SDF-1, CXCL12) or to the TNF family member B-cell
activating factor (BAFF).37–39

Id-specific TCR signaling (ii) probably contributed to
the signal since we show that ligation of the Id-specific
receptor induced distinct NF-�B signals (most likely via
the classical pathway) in both in vitro assays and in adop-
tive transfer studies. Moreover, superficial lymph nodes
(inguinal and cervical) gave strong signals in triple trans-
genic mice from 5 weeks of age. Interestingly, triple
transgenic mice had a strong bioluminescent signal from
the thymi even though thymi are quite small in these mice
due to negative selection.10,14 Signaling of Id-specific
thymocytes and induction of their apoptosis could be the
cause of this signal.

Concerning autoantigen-specific BCR signaling and
germinal center formation (iii), this would be expected to
cause NF-�B activation.20,21,36 Consistent with this, we
show that Id� B cells express luciferase protein but we
do not show whether the expression is due to ligation of

Figure 6. Antibodies related to intestinal pathology correlate with signals
from inflamed small intestines. Sera were screened for antibodies associated
with small intestinal pathology. A: Levels of serum anti-transglutaminase 2
(TG2) autoantibodies (left) and anti-Gliadin (right) correlated with NF-�B
bioluminescence from small intestines isolated from TCR�Id�Luc� mice. B:
Serum from a 15-week-old triply transgenic mouse with small intestinal light
emissions gave an anti-endomycium staining pattern, [IgG (red), and smooth
muscle cell nuclei (blue)]. C: Autoantibodies directed toward the small
intestine of a BALB/c RAG2�/� mouse. Left: serum from triply transgenic
mouse (15 weeks old) with small intestinal signal and disease. Right: neg-
ative stain, serum from triply transgenic littermate (15 weeks) without small
intestinal disease.
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their BCR by autoantigens or help from Id-specific T cells
or both. However, as antinuclear antibody levels corre-
lated with NF-�B/light emissions and disease progres-
sion, the importance of BCR signaling for light emission is
suggested. An interesting possibility is that anti-dsDNA
Id� B cells, which are frequent in triply transgenic mice
(L.M., B.B., manuscript in preparation), can bind chroma-
tin through both BCR and Toll-like receptor 9 (TLR9),40,41

allowing for NF-�B activation via two separate stimulants
of the classical pathway.

It would be expected from the two preceding para-
graphs that Id-driven T–B collaboration (iv) significantly
contributed to the NF-�B signal. Indeed, by development
of a staining method for luciferase protein, we could show
by immunohistochemistry that luciferase protein, and
hence NF-�B activation, was found in Id� B cells and
Id-specific T cells. Moreover, Id-specific T cells positive
for luciferase protein and Id� B cells often interacted in
clusters. Finally, interacting T and B cells in vitro pro-
duced a bioluminescence signal. These results demon-
strate that Id-driven T–B collaboration directly contrib-
uted to light emissions.

As for secondary effects of autoantibody production
like complement activation and inflammation (v), it is
known that both immune complexes and complement
factors activate NF-�B in phagocytes, allowing secre-
tion of TNF, TNF-mediated NF-�B activation, and oxi-
dative burst with release of oxygen radicals by phago-
cytes.20,21,42 Consistent with this, we found that colons
with immune complex and complement deposition dis-
played intense NF-�B activation, and co-localized with
phagocyte oxidative bursts visualized in vivo by use of a
specific probe (L-012).27 Moreover, mucosal erosions
should expose cells in the underlying tissue to the luminal
microflora. Indeed, such areas had intense microscopic
expression of luciferase protein, probably in part due to
activation of the classical NF-�B pathway by pattern rec-
ognition receptors.38

We have previously described that Id-driven T–B col-
laboration results in a systemic disease with SLE-like
features in addition to organ specific affections, eg, of the
large bowel, skin, and joints.14 We here report a novel site
of involvement, the small intestine, where biolumines-
cence signals were related to the presence of antibodies.
With some exceptions such as graft versus host dis-
ease30 and experiments with CD8 intraepithelial T cell
epitopes,31 the search for murine models of human small
intestinal disease has been difficult. However, multiple
examples of inflammatory disease of the colon are well
established.29 In the Id-driven T–B autoimmunity model
herein, autoantibodies toward tTG2 and IgG anti-gliadin
antibodies correlated with light emission from the small
bowel. In humans, transglutimase is responsible for the
deamidation of glutamine residues of wheat gliadin, a
requirement for binding of gluten epitopes to HLA-DQ2 in
celiac disease.43 tTG2 is increasingly expressed in in-
flammatory responses, and is up-regulated in cells un-
dergoing apoptosis.44 Whether antibodies to gliadin and
tTG2 are directly associated with induction of small intes-
tinal disease, or are secondary phenomena in this model,
remain to be elucidated.
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