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Abstract
CD40 is expressed on cells of the immune system and in some tissues that are targets for
autoimmune-mediated damage. It is not known if CD40 expression in target tissues plays a role in
the pathology of autoimmune diseases. This study shows that agonistic anti-CD40 induces strong
and sustained proliferation of thyroid epithelial cells (TEC) or thyrocytes in IFN-γ−/−
autoimmune-prone NOD and NOD.H-2h4 mice. TEC proliferation is accompanied by greatly
increased expression of CD40 on TEC, development of fibrosis and hypothyroidism, and
increased expression of proinflammatory molecules in thyroids. Bone marrow chimera
experiments indicate that TEC expression of CD40 is required for anti-CD40-induced TEC
proliferation, but lymphoid cells do not have to express CD40. TEC proliferation is reduced in WT
mice given anti-CD40, presumably because they produce IFN-γ, which inhibits TEC proliferation.
CD40 also increases on TEC during development of an autoimmune thyroid disease characterized
by TEC hyperproliferation that develops spontaneously in IFN-γ−/− NOD.H-2h4 mice (TEC H/
P). TEC H/P development is accelerated in mice given agonistic anti-CD40. These studies provide
new information regarding the role of target tissue expression of CD40 in development of
autoimmunity and suggest that use of agonistic anti-CD40 for tumor therapy could result in
autoimmune disease.
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INTRODUCTION
Autoimmune thyroid diseases are the most common organ-specific autoimmune diseases in
humans, and thyroid cancers account for >90% of all endocrine tumors (1). Thyroid nodules
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and thyroid hyperplasia are very common in humans and it is difficult to distinguish benign
from neoplastic lesions (2–4). Since thyroid nodules and associated thyrocyte hyperplasia
can be associated with an increased risk of developing thyroid cancer (1–3, 5),
understanding the mechanisms underlying development of thyrocyte hyperplasia is very
important.

Some strains of mice such as NOD and NOD.H-2h4 develop spontaneous autoimmune
thyroiditis (SAT), i.e. without a requirement for immunization (6). NOD.H-2h4 mice that
lack IFN-γ do not develop SAT, but they develop another autoimmune disease, thyroid
epithelial cell hyperplasia/proliferation (TEC H/P) characterized by hyperplasia and
extensive proliferation of thyroid epithelial cells, development of fibrosis, and loss of
thyroid function (7, 8). TEC H/P is a chronic inflammatory autoimmune disease in which
activated CD8+ T cells promote thyrocyte proliferation, at least in part, by producing TNF-α
and TGF-β, which induce thyrocyte proliferation in vivo and in vitro (7, 9, 10). To further
define the mechanisms by which CD8+ T cells promote thyrocyte hyperplasia, we generated
CD4−/− IFN-γ−/− NOD.H-2h4 mice and showed that they developed TEC H/P comparable
in severity to that of CD4+ IFN-γ−/− mice, but with a lower incidence. Splenocytes from
CD4−/− donors were deficient in their ability to transfer TEC H/P to SCID recipients,
suggesting that CD4+ T cells were needed to generate appropriately activated CD8+ T cells
capable of transferring this disease (Yu et al., submitted). As part of these studies, we asked
if an agonistic anti-CD40 antibody could be used to bypass the requirement for CD4+ T
cells for activation of CD8+ cells as shown in other experimental models (11–14).
Unexpectedly, the results indicated that agonistic anti-CD40 interacted with CD40 expressed
on thyrocytes resulting in thyrocyte proliferation and greatly increased expression of CD40
by thyrocytes. These results provide new information as to how thyrocyte hyperplasia and
autoimmune thyroid diseases can develop and also provide a cautionary note with respect to
the use of anti-CD40 antibodies for tumor therapy.

CD40, a member of the tumor necrosis factor receptor (TNFR) superfamily, is expressed on
cells of the immune system and also on some non-immune cells including microglia,
epithelial cells, pancreatic beta cells and thyrocytes (15–19). CD40 signaling through its
ligand, CD154, expressed on activated T cells is important for development of most immune
responses (20), and expression of CD40 on non-immune cells or tissues may contribute to
development of autoimmune diseases (17–19, 21, 22). Agonistic anti-CD40 antibodies can
crosslink CD40 expressed on APC such as B cells, macrophages and dendritic cells leading
to their activation, and can mimic the activity of CD154 by replacing the function of CD4+
T cells for activation of CD8+ T cells and antibody-producing B cells (11–14). In tumor
bearing individuals, anti-CD40 can promote cytotoxic T cell responses, and ligation of
CD40 on CD40 expressing tumor cells can have direct cytotoxic effects on some tumors
(23–26). These multiple roles for CD40 have led to development of agonistic anti-CD40
antibodies used therapeutically for treatment of tumors (24, 25). However, because CD40
can be expressed in tissues known to be targets of self-reactive T cells that induce
autoimmune diseases, it is important to know if CD40 expressing non-tumor cells might be
targets for agonistic anti-CD40 antibodies and result in autoimmune diseases. The results of
this study demonstrate profound and unexpected effects of agonistic anti-CD40 on thyroid
epithelial cells (`thyrocytes') (TEC) of NOD and NOD.H-2h4 mice, with extensive
proliferation of TEC, and earlier development and a greatly increased incidence and severity
of the autoimmune disease TEC H/P in IFN-γ−/− NOD.H-2h4 mice.
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MATERIALS AND METHODS
Mice

All NOD.H-2h4 and CBA/J, DBA/1 WT and DBA/1 IFN-γ−/− mice were generated in our
breeding colonies at the University of Missouri. CD40−/− NOD mice were obtained from
the colony of Drs. Diane Mathis and Christophe Benoist maintained at Jackson Laboratories.
CD40−/− NOD mice were crossed with WT NOD.H-2h4 mice to generate CD40−/−
NOD.H-2h4 mice. Mice were selected in the F2 generation for expression of the
NOD.H-2h4 MHC by flow cytometry and for expression of the CD40−/− genotype by PCR
analysis of tail DNA using the protocol and primer sequences provided by the Mathis/
Benoist laboratory. CD40−/− IFN-γ−/− NOD.H-2h4 mice were obtained by crossing
CD40−/− WT NOD.H-2h4 mice with IFN-γ−/− NOD.H-2h4 mice and selecting offspring
for expression of the IFN-γ−/− and CD40−/− genotypes by PCR analysis of tail DNA.
NOD, Fc null NOD, NOD.SCID, Balb/c and B6 Rag knockout mice were generously
provided by Dr. Habib Zaghouani and were generated in his breeding colony at the
University of Missouri. Fc null NOD mice were transferred to our colony through a Material
Transfer agreement with RIKEN BRC who provided the original stock. Fc null NOD mice
lacked Fc receptors both by flow cytometry and by PCR analysis of tail DNA using the
primer sequences and protocol provided by RIKEN (27). IFN-γ−/− NOD mice were
generated by crossing WT NOD mice with IFN-γ−/− NOD.H-2h4 mice and selecting for
expression of the NOD MHC and IFN-γ genotypes by PCR analysis of tail DNA.

Anti-CD40
In most experiments, mice were given a single i.p. injection of 200 μg rat IgG2a anti-mouse
CD40 antibody FGK45 (BioXCell, West Lebanon, NH). In preliminary experiments, 100–
200μg anti-CD40 consistently induced strong thyrocyte proliferation 7 days later, whereas
10 μg gave less consistent results. Another rat IgG2a anti-CD40 mAb 1C10 (eBioscience,
San Diego, CA) was used for some experiments, and had the same in vivo effects on the
thyroid as FGK45. Control mice received 200 μg rat IgG2a isotype control (BioXCell).

Cell culture and transfer of TEC H/P to SCID recipients
Splenocytes from IFN-γ−/− or CD4−/− IFN-γ−/− donors with severe TEC H/P were pooled
and cultured 72 hr as previously described in detail (7). Cells were harvested and 3×106 cells
were transferred i.v. to IFN-γ−/− SCID recipients. Mice were given 0.08% NaI in their
drinking water and thyroids were removed 4 or 8 wk later and evaluated for TEC H/P
severity as described below.

Western blot
Protein was isolated from single frozen mouse thyroid lobes, quantitated, and 30 ug protein
was added to a 10% SDS-PAGE gel as previously described (9). CD40 was quantified by
Western blot using goat anti-mouse CD40 (1:500) (sc975; Santa Cruz Biotechnology, Santa
Cruz, CA) followed by incubation with a secondary anti-rabbit peroxidase-conjugated
antibody (Jackson ImmunoResearch). For normalization, membranes were stripped and
reprobed with rabbit anti-actin primary antibody (sc 47778; Santa Cruz) and 1/3000 Horse
Radish Peroxidase (HRP)-conjugated anti-rabbit IgG (Jackson ImmunoResearch) as
described previously (9). Results are expressed as the ratio of CD40: β actin densitometric
units ± SEM (× 100) and are representative of at least three independent experiments.

RT-PCR
Individual thyroid lobes were frozen in liquid nitrogen, homogenized in TRIzol (Life
Technologies, Grand Island, NY), and RNA was extracted and reverse transcribed as
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described in detail previously (28). To compare relative levels of mRNA transcripts in
different groups, samples were reverse transcribed and amplified at the same time using the
same master mix. Densitometry analysis was done using an Alpha Imager imaging system
(Alpha Innotech, Santa Clara, CA). Beta-actin was used as a housekeeping gene to control
for differing RNA levels in individual thyroids. Densitometric units for each cytokine and β
actin band were obtained, and results are expressed as the mean of the ratio of cytokine/β
actin ± SEM.

Immunohistochemistry (IHC)
Frozen thyroids were sectioned and stained as previously described (7). Slides were blocked
with 5% BSA/PBS for 60 min followed by 0.3% hydrogen peroxide for 30 min, then stained
with primary antibody or isotype control at 4 C overnight. Primary antibody (anti-CD40
(1C10) (eBioscience, SanDiego, CA) was diluted in 1% BSA/PBS and used at a
concentration of 5μg/ml. Biotinylated donkey anti-rat IgG (30 μg/ml in BSA/PBS) (Jackson
ImmunoResearch, West Grove, PA) was added for 1 hr at room temperature followed by
avidin-HRP using a Vectastain Elite kit (Vector Laboratories, Burlingame, CA) according to
manufacturers instructions. Peroxidase activity was visualized with Nova Red substrate
(Vector). A Nikon Eclipse 55i microscope (Nikon Corporation, Japan) with Nikon Plan 10×/
0.25 and Nikon Plan 40×/0.65 objectives was used for imaging. Digital pictures of sections
in Permount (Sigma) at 25 C were acquired with a Nikon DS Fi1 digital camera using NIS
elements (version 3.22.00, build 710) imaging software.

Bone marrow chimeras
Bone marrow chimeras were generated as previously described (29). Briefly, recipient
CD40−/− IFN-γ−/− or IFN-γ−/− NOD.H-2h4 mice 6–8 wk of age were irradiated (1000
Gy) and reconstituted with 5–10 × 106 bone marrow cells from CD40−/− IFN-γ−/− or
CD40+ IFN-γ−/− donors. 6 wk later, when peripheral lymphocytes had reconstituted the
hosts, mice were given 200 μg anti-CD40, and thyroids were removed 12–14 days later to
assess thyrocyte proliferation. Chimerism of host mice was confirmed by flow cytometry.

Flow cytometry
Spleen cell suspensions were stained using antibodies specific for mouse CD4, CD8, CD40,
CD19 and CD11b obtained from eBioscience or Biolegend (San Diego, CA). Samples were
analyzed on a FACSCalibur (BD Biosciences) and analyzed using FlowJo (Treestar, Inc.,
Ashland, OR).

Primary cultures of thyrocytes/assessment of thyrocyte proliferation
Primary cultures of thyrocytes from naïve mice were generated as previously described (7,
9). After seeding in 8 well chamber slides, cells were maintained at 37 C with weekly
changes of medium until they reached 70–80% confluence. Cells were then treated for 3
days with various concentrations of anti-CD40 (0.1–5 μg/ml) or isotype control IgG.
Proliferation of thyrocytes was determined by IHC with the proliferation marker
proliferating cell nuclear antigen (PCNA) (sc-7907, Santa Cruz Biotechnology, Santa Cruz,
CA) as previously described (9). In some experiments, thyrocytes were cultured with 1 μg/
ml anti-CD40 following a 4 hr preincubation with various concentrations (1–5 μg/ml) of
24G2 (Fc block) (eBioscience) to block interaction of anti-CD40 with Fc receptors on
thyrocytes (30). To quantify proliferating cells, all cells in 5–6 randomly selected high
power fields (× 400) were manually counted using image analysis software Metamorph
version 6.3r6 (Molecular Devices) as previously described (9).
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Evaluation of SAT and TEC H/P severity scores
When thyroids were removed, one lobe was fixed in formalin and stained using H&E).
Thyroids were scored for severity of thyroid follicular cell (thyrocyte) hyperplasia/
proliferation using a scale of 0–5+ as previously described (7, 8). Briefly, a score of 0-0+
indicates a normal thyroid with only very mild follicular changes and/or a few infiltrating
inflammatory cells. A 1+ score indicates there are sufficient hyperplastic changes to cause
replacement of several follicles, and a 2+ score indicates hyperplastic changes causing
replacement or destruction of up to 1/4 of the gland. 3+ indicates that 1/4 to 1/2 of the gland
is hyperplastic or destroyed, and 4+ indicates that greater than 1/2 of the normal thyroid
follicles are proliferating and destroyed. Thyroids with a score of 5+ had few or no
remaining normal follicles and extensive collagen deposition (fibrosis). Thyroids with 4–5+
severity scores always had widespread clusters of proliferating follicles, and the areas of
proliferation were usually surrounded by collagen (8).

Serum T4 Assay
Serum thyroxine (T4) levels were determined using T4 ELISA kits (Leinco, Inc., St. Louis,
MO) as previously described (8). Values for normal mouse serum ranged from 4–8 μg T4/
dL of serum and values ≤ 3 μg T4/dL were considered to be low.

Statistical analysis
Mann-Whitney nonparametric analysis was used to analyze differences in TEC H/P severity
scores between different groups of mice. Student's t test was used for all other analyses. The
p values < 0.05 were considered significant.

RESULTS
NOD.H-2h4 SCID mice given anti-CD40 develop severe TEC H/P with fibrosis and loss of
thyroid function

As mentioned in the Introduction, splenocytes from CD4−/− IFN-γ−/− NOD.H-2h4 mice
with severe TEC H/P do not consistently transfer severe TEC H/P to SCID recipients (Yu et
al., submitted), whereas highly purified CD8+ T cells transfer very severe TEC H/P (7). To
test the hypothesis that agonistic anti-CD40 could provide a signal to activate splenocytes
from CD4−/− mice to transfer severe TEC H/P, splenocytes from CD4−/− donors were
cultured and transferred to SCID recipients as described in Methods. Recipients were given
anti-CD40 or rat IgG isotype control the day of cell transfer, and thyroids were removed 4
wk later. All but one recipient given anti-CD40 developed very severe (5+) TEC H/P,
whereas mice given isotype control had no TEC H/P (Figure. 1 A). Unexpectedly, however,
SCID recipients given anti-CD40 but no splenocytes also had extensive thyrocyte
proliferation (Fig. 1A). Grossly, thyroids of both groups of recipients were greatly enlarged
(>10–20 fold) and white. Thyroid destruction was extensive as evidenced by collagen
deposition (fibrosis) and hypothyroidism with low levels of serum T4 (Fig. 1A,B).
Thyrocyte proliferation began as enlargement and hyperplasia of thyrocytes 3–4 days after
injection of anti-CD40, and by 7 days, thyrocytes had proliferated extensively, forming large
clusters that completely filled the follicular lumen (Fig. 1B). There was no evidence of
resolution for at least 6 wk (Fig. 1 B; data not shown). There was mild infiltration of
mononuclear cells in the livers of most SCID recipients 3–7 days after injection of anti-
CD40, but this did not persist more than 10 days (Supplementary Fig. 1C and data not
shown). Mononuclear cell infiltration was not seen in salivary glands, and was rarely seen in
kidney or pancreas of SCID mice given anti-CD40 (data not shown). SCID mice given
IgG2a isotype control had no changes in their thyroids or any other organs (Fig. 1B and not
shown). Another rat IgG2a agonistic anti-CD40 mAb, 1C10, had similar effects on thyroids
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of SCID mice (data not shown). Therefore, agonistic anti-CD40 induces extensive
proliferation of thyrocytes in NOD.H-2h4 SCID mice, and the primary target is the thyroid.

Effects of anti-CD40 in other strains of lymphopenic and nonlymphopenic mice
Because anti-CD40 had such unexpected effects on thyroids of NOD.H-2h4 SCID mice, it
was important to determine if this was because of the lymphopenic SCID environment, or if
anti-CD40 would induce thyrocyte proliferation in other lymphopenic and nonlymphopenic
mice. To address this question, anti-CD40 was given to various strains of mice, and thyroids
were examined after 1 wk (acute effects) and 3–8 wk (sustained effects). The results indicate
that the NOD or NOD.H-2h4 genetic background and IFN-γ deficiency were the primary
factors needed for induction of severe and sustained thyrocyte proliferation by anti-CD40
(Table I and Supplementary Fig. 1). Anti-CD40 induced strong and sustained thyrocyte
proliferation in lymphopenic NOD.SCID and NOD.H-2h4 SCID mice, whereas it had no
effect in lymphopenic B6 and Balb/c Rag−/−mice. Anti-CD40 induced strong and sustained
thyrocyte proliferation in nonlymphopenic IFN-γ−/− NOD and IFN-γ−/− NOD.H-2h4
mice, whereas no changes were seen in thyroids of CD40−/− IFN-γ−/− NOD.H-2h4 mice
given anti-CD40 (Table I; Supplementary Fig. 1A,B). Unexpectedly, anti-CD40 induced
proliferation of thyrocytes of WT NOD.H-2h4 and WT NOD mice after 7 days, but the
effects were more variable, and thyroids had essentially returned to normal by 21 days
(Table I; Supplementary Fig. 1 A). Anti-CD40 induced no apparent changes in thyroids of
CBA/J, WT DBA/1 or IFN-γ−/− DBA/1 mice, even though they have thyroiditis-
susceptible MHC haplotypes (Table I). Excluding lymphoid organs, the major effects of
agonistic anti-CD40 were always in the thyroid, although there was some mononuclear cell
infiltration in the liver, and occasionally in the kidney and pancreas, 7 days after injection of
anti-CD40 (Supplementary Fig. 1C and not shown). With the exception of the thyroid,
mononuclear cell infiltrates in other organs did not persist longer than 10 days after injection
of anti-CD40 (not shown).

Changes in thyroids of all strains of mice that responded strongly to anti-CD40 were
essentially identical to those described above for NOD.H-2h4 SCID mice (Fig. 1A, B).
Thyrocyte proliferation was maintained for many months in all IFN-γ−/− mice, with
deposition of collagen (fibrosis) that became more extensive over time (Supplementary Fig.
1 and not shown). Most SCID and IFN-γ−/− NOD.H-2h4 and IFN-γ−/− NOD mice had low
serum T4 2 wk after anti-CD40 (Fig. 1A and Table I), whereas WT mice had little fibrosis
and their serum T4 levels were normal (data not shown). The reason anti-CD40 did not
induce persistent thyrocyte proliferation in WT thyroids is presumably because they produce
IFN-γ which suppresses thyrocyte proliferation and survival in vitro and in vivo (9, 29, 31).

Thyroids express CD40 and agonistic anti-CD40 increases CD40 on thyrocytes
The effects of anti-CD40 on thyroids could be explained if thyrocytes expressed CD40 and
if cross-linking of CD40 by agonistic anti-CD40 resulted in proliferation of thyrocytes. Both
neoplastic and nonneoplastic human thyrocytes express CD40, and CD40 expression
increases during inflammation (19, 22). To our knowledge, CD40 expression by murine
thyrocytes during spontaneous development of autoimmune thyroid diseases has not been
reported. To determine if thyrocytes express CD40 and if CD40 expression changes after
administration of agonistic anti-CD40, IHC was used to examine protein expression of
CD40 at various times after anti-CD40 administration. Thyrocytes of normal unmanipulated
IFN-γ−/− NOD.H-2h4 SCID mice and mice given isotype control had no detectable CD40
protein by IHC (Fig. 2A), but low levels of CD40 were consistently detected in normal
thyroids by Western blot (Fig. 2D). CD40 expression was variable and higher, 3–4 days
after injection of anti-CD40 both by IHC and Western blot, further increased by day 7, was
maximal by 21–28 days (Fig. 2A,E), and remained high for at least 6 wk (not shown). There
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were no histologic changes in thyroids of CD40−/− IFN-γ−/− mice given anti-CD40, and
CD40 was undetectable in CD40−/− thyroids by IHC or Western blot even after longer
exposure of the gels (Fig. 2 A, D). CD40 protein also increased 7 days after anti-CD40 in
thyroids of nonlymphopenic WT and IFN-γ−/− NOD.H-2h4 mice (Fig. 2 B,C,F) as well as
NOD.SCID and WT and IFN-γ−/− NOD mice (not shown). CD40 protein expression
remained high in IFN-γ−/− thyroids for many weeks (Fig. 2 B,F and data not shown), but
decreased in WT thyroids 3 wk after anti-CD40 (Fig. 2C and data not shown). CD40 was
barely detectable in thyroids of IFN-γ−/− DBA/1 and WT DBA/1 and CBA/J mice given
anti-CD40 even after exposure of gels for 1 hr (data not shown). It is not known why
thyroids of mice that do not develop spontaneous autoimmunity, in particular IFN-γ−/−
DBA/1, had no apparent response to agonistic anti-CD40. Splenic B cells from DBA/1 mice
express as much CD40 as B cells from NOD.H-2h4 mice, and anti-CD40 induced
comparable expansion of splenic B cells in both strains (data not shown). As will be shown
below, CD40 is also upregulated on IFN-γ−/− NOD.H-2h4 thyrocytes during spontaneous
development of TEC H/P without administration of anti-CD40. This suggests that
upregulation of CD40 on thyrocytes is a normal consequence of the autoimmune
inflammatory response that leads to spontaneous development of TEC H/P in IFN-γ−/−
NOD.H-2h4 mice, and this does not occur in strains of mice that do not spontaneously
develop autoimmune thyroid disease.

Anti-CD40 induces thyrocyte proliferation in the absence of CD40 expression by lymphoid
cells

Agonistic anti-CD40 antibody activates and induces proliferation of CD40 expressing
lymphoid cells, especially B cells, dendritic cells and macrophages (13, 24, 25). In these
studies, splenic dendritic cells and macrophages expanded in all SCID mice 3–7 days after
injection of anti-CD40, and anti-CD40 induced expansion of splenic B cells in
nonlymphopenic mice, which was maximal 4–7 days after injection of anti-CD40. NOD and
NOD.H-2h4 mice also have CD40-expressing T cells (15), but anti-CD40 did not expand
CD40-expressing T cells (data not shown). Because agonistic anti-CD40 induced changes
both in thyroids and lymphoid cells of NOD.H-2h4 mice, it was important to determine if
the lymphoid or nonlymphoid compartment was most important for proliferation of
thyrocytes in mice given anti-CD40. To address this question, bone marrow chimeras were
generated in which thyroid (nonlymphoid) or lymphoid compartments were derived either
from CD40+ or CD40−/− IFN-γ−/− NOD.H-2h4 mice. Six weeks after irradiation and bone
marrow reconstitution, all mice were given anti-CD40 and thyroids were removed 12–14
days later. The results clearly show that CD40 expression by non-lymphoid cells
(presumably the thyroid) was necessary and sufficient for anti-CD40 to induce thyrocyte
proliferation (Fig. 3A). When lymphocytes were CD40-negative and thyrocytes and other
nonlymphoid cells were CD40+, thyrocyte proliferation tended to be slightly greater than in
mice whose thyroids and lymphocytes were both CD40+. Conversely, when thyroids and
other nonlymphoid cells were CD40-negative, anti-CD40 did not induce thyrocyte
proliferation even if lymphoid cells were CD40+. Essentially all splenic T cells, B cells,
macrophages and dendritic cells were derived from the bone marrow donors as shown by
flow cytometry (Fig. 3B). It is not known why anti-CD40-mediated proliferation of CD40+
thyroids tended to be greater when lymphoid cells were CD40-negative, but this trend was
seen in all experiments. One possibility is that more anti-CD40 was available to stimulate
the thyroids when there were no CD40+ cells for anti-CD40 to react with in peripheral
lymphoid organs. Clearly, the same amount of antibody had to react with many more cells in
mice given CD40+ lymphocytes.
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Anti-CD40 induces thyrocyte proliferation in vitro
Anti-CD40 induces proliferation of thyrocytes of NOD and NOD.H-2h4 mice in vivo via an
apparently direct effect of anti-CD40 on the thyroid. To determine if anti-CD40 can induce
proliferation of thyrocytes vitro in the absence of any other cells, thyrocyte cultures were
generated as previously described (7, 9). After they reached 60–70% confluence, anti-CD40
or isotype control IgG was added, thyrocytes were harvested and proliferation was evaluated
by immunostaining for PCNA. Anti-CD40 induced a concentration-dependent increase in
PCNA+ cells in CD40+ thyrocytes, but had no effect on CD40−/− thyrocytes (Fig. 4A).
These results are also consistent with the results shown in Fig. 3, both approaches
demonstrating that anti-CD40 can induce thyrocyte proliferation independently of any CD40
contribution by lymphoid cells.

The effects of anti-CD40 are independent of FcγRIIB
The in vivo and in vitro effects of agonistic anti-CD40 antibodies were recently shown to
require engagement of anti-CD40 by FcγRIIB (30, 32). Human thyrocytes can express
FcγRIIB (33), so it was of interest to determine if coengagement of CD40 and FcγRIIB was
required for anti-CD40 to induce thyrocyte proliferation. Others showed that effects of anti-
CD40 could be blocked by coadministration of a blocking FcγR antibody (24G2) (30), but
24G2 had no effect on the ability of anti-CD40 to induce thyrocyte proliferation in vitro
(Figure 4C) or in vivo (data not shown). To directly address a role for FcγRIIB in thyrocyte
proliferation, we used NOD and Fc null NOD mice. Anti-CD40 induced comparable
proliferation of NOD and Fc null NOD thyrocytes in vitro (Fig. 4B), and had equivalent
effects on thyrocytes of NOD and Fc null NOD mice in vivo (Figure 4D, E). These results
indicate that coengagement of FcγRIIB and anti-CD40 was apparently not required for anti-
CD40 to induce thyrocyte proliferation.

Anti-CD40 leads to increased expression of cytokines and chemokines in thyroids of SCID
mice

To determine if agonistic anti-CD40 induced expression of proinflammatory cytokines or
chemokines in the thyroid, IFN-γ−/− NOD.H-2h4 SCID mice were given anti-CD40 and
thyroids were removed after various intervals. RNA was isolated from single thyroid lobes
and expression of proinflammatory molecules was examined by RT-PCR. The results
indicate that expression of mRNA for several proinflammatory molecules involved in innate
immunity, e.g. IL-6, IL-1 and IL-12, increased significantly 4 days after injection of anti-
CD40 (Figure 5). IL-6 and IL-1 mRNA remained elevated for the next 3 wk, while IL-12
mRNA declined after day 8. Expression of MCP-1, a chemokine upregulated by anti-CD40
in other studies (13, 21), was also increased. CD40 mRNA expression was relatively high in
thyroids of mice given isotype control (in contrast to CD40 protein expression which was
very low; see above) and CD40 mRNA remained elevated after injection of anti-CD40.
Expression of thyroglobulin mRNA declined, probably because thyroids that proliferate in
response to anti-CD40 have abnormal thyroid follicles that have almost no colloid, the
source of thyroglobulin in normal thyroid follicles. It is not known if the proinflammatory
molecules in thyroids of SCID mice given anti-CD40 are produced by thryocytes or by
macrophages and dendritic cells recruited to the thyroid after injection of anti-CD40,
although it is known that thyrocytes can produce both IL-6 and MCP-1 in response to
agonistic anti-CD40 (21).

Anti-CD40 promotes development of severe thyrocyte hyperplasia (TEC H/P) and fibrosis
in IFN-γ−/− NOD.H-2h4 mice

Agonistic anti-CD40 increases CD40 expression and induces proliferation of NOD and
NOD.H-2h4 thyrocytes, and its effects are most evident and sustained when IFN-γ is absent.
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IFN-γ−/− NOD.H-2h4 mice develop an autoimmune disease characterized by extensive
proliferation of thyrocytes, thyroid fibrosis and hypothyroidism (7, 8). Severe TEC H/P
develops 6–7 mo after administration of NaI in the drinking water with an incidence of 60–
70% (6, 8). If upregulation of CD40 on thyrocytes is important for development of thyroid
autoimmunity, it should also occur during spontaneous development of TEC H/P, and
agonistic anti-CD40 should induce earlier development of and/or a greater incidence of
severe TEC H/P. To test this hypothesis, IFN-γ−/− NOD.H-2h4 mice were given NaI in
their drinking water, and anti-CD40 or isotype control, and thyroids were removed after
various intervals. At each time interval, most anti-CD40 treated mice had severe thyrocyte
hyperplasia, while control mice given rat IgG had very mild or no TEC H/P unless they were
given NaI water for > 6 mo (Fig. 6A). Splenocytes or purified CD8+ splenic T cells from
mice with severe TEC H/P transfer severe TEC H/P to SCID recipients (7), and splenocytes
from IFN-γ−/− mice given anti-CD40 2 months previously transfer severe TEC H/P to
SCID recipients (data not shown). Therefore agonistic anti-CD40 leads to increased
expression of CD40 on thyrocytes (see above), and promotes earlier development and a
greatly increased incidence of severe TEC H/P in IFN-γ−/− NOD.H-2h4 mice.

To determine if CD40 increases on thyrocytes as a normal consequence of development of
TEC H/P, CD40 protein was determined in thyroids of IFN-γ−/− NOD.H-2h4 mice that did
or did not have TEC H/P. CD40 was highly expressed in thyroids of all mice with severe
TEC H/P, whereas CD40 was undetectable by IHC in thyroids of mice that did not develop
TEC H/P (Fig. 6B). CD40 was also highly expressed and sustained in thyroids of SCID
recipients of splenocytes from IFN-γ−/− donors when they developed severe TEC H/P (4–
5+ severity scores), but thyroids of mice with 1–2+ TEC H/P severity scores had lower
expression of CD40 (Fig. 6C and not shown). CD40 expression in thyroids of mice
developing severe TEC H/P was comparable to that in mice given agonistic anti-CD40 (Fig.
6D). Therefore, CD40 is upregulated on thyrocytes during spontaneous development of TEC
H/P, an autoimmune thyroid disease characterized by hyperproliferation of thyrocytes.
Agonistic anti-CD40 mimics the events that occur spontaneously, but greatly accelerates
development of TEC H/P in IFN-γ−/− NOD.H-2h4 mice. These results therefore establish a
previously unrecognized mechanism by which autoimmune thyroid diseases, particularly
those associated with thyrocyte hyperplasia, can develop.

DISCUSSION
The initial goal of this study was to determine if agonistic anti-CD40 could provide a signal
for activation of T cells from CD4−/− donors to transfer severe TEC H/P to SCID recipients.
However, agonistic anti-CD40 had unexpected and very profound effects on thyroids of
NOD.H-2h4 SCID recipients (Fig. 1), leading to extensive proliferation of thyrocytes in
NOD.H-2h4 SCID mice, with fibrosis and sufficient loss of normal thyroid follicles to result
in hypothyroidism (Fig. 1). Anti-CD40 had similar effects on TEC of all IFN-γ−/− NOD
and IFN-γ−/− NOD.H-2h4 mice (Supplementary Fig. 1 and Table I). The ability of anti-
CD40 to induce thyrocyte proliferation was accompanied by increased CD40 protein
expression on thyrocytes (Fig. 2), and increased mRNA expression of proinflammatory
cytokines and chemokines in thyroids (Fig. 5). In the absence of T and B cells (SCID mice),
anti-CD40 induced expression of mRNA for molecules usually produced by APC during
inflammation, e.g. IL-1, IL-6 and IL-12. Similar proinflammatory molecules were produced
in thyroids of mice with transgenic overexpression of CD40 in thyroids (21), in guts of mice
given anti-CD40 to induce colitis (13), and by thyrocytes in response to anti-CD40 in vitro
(21).

Human thyrocytes express CD40 (19, 22) and transgenic overexpression of CD40 in the
thyroid promotes cytokine and autoantibody production, and results in more severe thyroid
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lesions in a mouse model of Graves' disease (21). To our knowledge, the current study is the
first to demonstrate that agonistic anti-CD40 increases CD40 expression on thyrocytes, and
to show that CD40 expression increases on thyrocytes during spontaneous development of
the autoimmune thyroid disease TEC H/P. CD40 cross-linking leads to binding of TNFR
associated factors (TRAFs) to CD40, resulting in activation of MAP kinases (17). Although
the precise mechanism by which agonistic anti-CD40 induces thyrocyte proliferation is
unknown, MAP kinases contribute to cell cycle regulation induced by cAMP in FRTL-5
thyroid cells (34), and it is reasonable to suggest that anti-CD40 might promote thyrocyte
proliferation through activation of this pathway.

Anti-CD40 induced thyrocyte proliferation in thyroids of WT NOD and WT NOD.H-2h4
mice after 7–10 days, but proliferation was not sustained, and WT thyroids expressed less
CD40 than IFN-γ−/− thyroids (Fig. 2). Because IFN-γ inhibits thyrocyte proliferation and
survival in vitro and in vivo (9, 29, 31, 35), the early proliferation and upregulation of
thyrocyte CD40 in WT mice probably occurs before significant amounts of IFN-γ are
produced. After T cells are activated, they migrate to the thyroid, and produce IFN-γ to
inhibit thyrocyte proliferation (9, 29).

Importantly, our results demonstrate that agonistic anti-CD40 greatly potentiates early
development of severe TEC H/P, an autoimmune disease that normally requires an induction
period of > 6 months (6, 8). When IFN-γ−/− NOD.H-2h4 mice are given a single injection
of anti-CD40 at 2–3 mo of age, most mice have extensive thyrocyte proliferation 1 week
later which persists for many months. In contrast, thyrocyte proliferation is not seen in most
age-matched mice given isotype control unless they are given iodine in their water for >6
months (Fig. 6). Thyroids of IFN-γ−/− mice given anti-CD40 8 wk earlier have T cell
infiltrates similar to those of mice that develop TEC H/P after 6–7 mo, and their splenocytes
transfer severe TEC H/P to SCID recipients (data not shown). Thyroids with severe
thyrocyte proliferation 1–2 wk after injection of anti-CD40 have relatively few infiltrating T
cells, and their splenocytes do not transfer severe TEC H/P to SCID recipients (our
unpublished results). Therefore, the early thyrocyte proliferation that occurs in response to
agonistic anti-CD40 is simply thyrocyte proliferation that can be severe enough to result in
hypothyroidism. In contrast, TEC H/P is an autoimmune disease that is transferrable to
SCID recipients by T cells present in spleens of mice with TEC H/P. Agonistic anti-CD40
promotes earlier development of TEC H/P, probably due to its ability to activate APC and
promote T cell activation.

CD40 is upregulated on thyrocytes as a natural consequence of developing the spontaneous
autoimmune disease TEC H/P, and CD40 expression levels generally correlate with TEC H/
P severity scores (Fig. 6). Based on these results, we hypothesize that agonistic anti-CD40
facilitates a process that occurs spontaneously in IFN-γ−/− NOD.H-2h4 mice, resulting in a
greater incidence and earlier development of severe TEC H/P as shown in Fig. 7. The results
of this study suggest that upregulation of CD40 by thyrocytes is critical for development of
thyroid autoimmunity and if CD40 is absent or signals leading to its upregulation are absent,
thyroid autoimmunity will not develop. This is consistent with our finding that CD40−/−
IFN-γ−/− NOD.H-2h4 mice are resistant to TEC H/P (our unpublished results), and that
susceptibility to Graves' hyperthyroidism is associated with expression of a specific single
nucleotide polymorphism in the CD40 gene (21, 36). These results suggest a previously
unrecognized mechanism for development of autoimmune thyroid diseases, in particular
those associated with hyperplasia/proliferation of thyrocytes. Thyrocyte hyperplasia in
humans is very common, and can be associated with an increased risk of thyroid cancer (1,
3–5). Because many thyroid tumors express CD40 (19), these results could have important
implications for understanding the mechanisms underlying development of thyroid cancer.
In addition, when agonistic anti-CD40 antibodies are used for tumor therapy (23, 25, 26),
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autoimmunity or damage to CD40-expressing tissues could be an undesirable consequence
of such treatment.

Our results also have implications for other autoimmune diseases in which anti-CD40 might
lead to increased expresson of CD40 in target organs and result in autoimmunity (17). In the
model studied here, the major target of agonistic anti-CD40 is the thyroid itself as shown in
Fig. 7A. While B cells and other APC are also targets of anti-CD40, their response is not
needed for development of the proliferative changes in the thyroid (Fig. 3). Expression of
CD40 in tissues that are targets of autoimmune inflammation is important for development
of EAE (18, 37) and transgenic overexpression of CD40 in the thyroid results in more severe
Graves' disease in mice (21). In other models, agonistic anti-CD40 led to increased tissue
destruction and proliferation of self-reactive CD8+ T cells (38), promoted development of
CD8+ memory T cells in diabetes (14) and induced increases in inflammatory cytokines and
intestinal inflammation in mice (13).

Because the effects of agonistic anti-CD40 on thyrocytes were greatest in mice lacking IFN-
γ, promotion of autoimmunity by agonistic anti-CD40 might be relatively rare in patients
receiving agonistic anti-CD40 for therapy of tumors. However, drugs or radiation treatments
given to cancer patients generally lead to immunosuppression, including suppression of cells
that produce IFN-γ. Moreover, when tumors are actively growing, tumor-reactive cytotoxic
T cells that potentially produce IFN-γ would likely be inhibited, and would not be present in
large numbers at the tumor site. Therefore, while humans are not IFN-γ-deficient in the
same sense that our mice are, there are clinical situations where IFN-γ is likely to be low.

In summary, the results of this study demonstrate a previously unrecognized effect of
agonistic anti-CD40 on thyroids of two autoimmune-prone strains of mice, NOD and
NOD.H-2h4. We show for the first time that cross-linking CD40 on thyrocytes leads to
greatly increased expression of CD40 and extensive thyrocyte proliferation. Thyrocyte
proliferation can occur in the absence of T and B lymphocytes, e.g. in SCID mice, but when
T cells are present, anti-CD40 greatly accelerates development of the autoimmune disease
TEC H/P in IFN-γ−/− NOD.H-2h4 mice. TEC/HP is chronic and results in thyroid fibrosis
and low serum T4. Most importantly, although the process is much slower in the absence of
anti-CD40, the outcome and the underlying mechanisms by which TEC H/P develops are
the same, i.e. T cell activation, upregulation of CD40 on thyrocytes, chronic and severe
thyrocyte proliferation, fibrosis and low serum T4. These experiments define a previously
unrecognized role of CD40 in development of autoimmunity and suggest that increased
CD40 expression on thyrocytes could play a role in development of thyrocyte hyperplasia
and thyroid cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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2. Abbreviations used in this article

TEC thyroid epithelial cells or thyrocytes

TEC H/P thryoid epithelial cell hyperplasia and proliferation
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T4 thyroxine

HRP horse radish peroxidase

PCNA proliferating cell nuclear antigen
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Figure 1.
Agonistic anti-CD40 induces thyrocyte hyperplasia in SCID mice. A. IFN-γ−/−NOD.H-2h4
SCID mice were given cultured splenocytes from CD4−/− IFN-γ−/− NOD.H-2h4 donors
with severe (5+) TEC H/P or no cells. Recipients were given 200 μg anti-CD40 or isotype
control the day of cell transfer. Thyroids were removed 4 wk later and serum T4 was
determined by ELISA. Results for 2 experiments are shown, and are representative of 3
similar experiments. Each dot represents an individual mouse (Isotype, n = 5; cells anti-
CD40, n = 9; no cells anti-CD40, n = 5). TEC H/P severity, * p < 0.01, Mann-Whitney.
Serum T4 results were from some of the animals in the depicted experiment (Isotype, n = 3;
cells/anti-CD40, n = 7; and no cells/anti-CD40, n = 3) and are expressed as the mean ±
SEM; * p < 0.05, Student's t test. B. IFN-γ−/− NOD.H-2h4 SCID mice were given anti-
CD40 or isotype control, and TEC H/P severity was determined 0.5, 1 or 4 wk later. Images
are representative of 4 experiments, for isotype control, n = 10; days 3–4, n = 21; 1 wk, n =
25; and 4 wk, n = 27. (H&E stain, 100× bar is 0.1 mm, 400× bar is 0.05 mm.)
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Figure 2.
Anti-CD40 induces upregulation of CD40 by thyrocytes. A. Frozen sections of thyroids
from IFN-γ−/− NOD.H-2h4 SCID or CD40−/− IFN-γ−/− NOD.H-2h4 SCID mice given
anti-CD40 as indicated were examined for expression of CD40 by IHC. (100× bar is 0.1 mm
and 400× bar is 0.05 mm) Images are representative of 2 experiments, n = 6. B. CD40
expression in thyroids of IFN-γ−/− NOD.H-2h4 mice 1 and 4 weeks after anti-CD40.
Images are representative of 2 experiments, n = 6. C. CD40 expression in thyroids of wild
type NOD.H-2h4 mice 1 and 4 weeks after anti-CD40. Images are representative of 2
experiments, n = 6. D, E, F. CD40 protein expression in thyroids determined by Western
Blot. D, thyroids of CD40−/− IFN-γ−/− NOD.H-2h4 SCID mice given anti-CD40 1 wk
earlier, and CD40+ IFN-γ−/− NOD.H-2h4 SCID mice given anti-CD40 or isotype control 4
days earlier. Films were developed for 10 minutes. E, thyroids of IFN-γ−/− NOD.H-2h4
SCID mice 0.5, 1 and 4 weeks after anti-CD40. F, thyroids of WT and IFN-γ−/−
NOD.H-2h4 mice 1 wk after injection of anti-CD40 or isotype control. Gels in E and F were
developed for 30 sec. Bar graphs are means of the ratio of CD40 /actin ± SEM for the bands
shown on the left of each graph. * p < 0.05, Student's t test. Results are representative of 5–6
separate samples per group.
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Figure 3.
CD40 expression by thyroids/ nonlymphoid cells is required for anti-CD40 to induce
thyrocyte proliferation, but lymphoid cells do not have to express CD40. A. Mice expressing
CD40 either on lymphoid or non-lymphoid cells were generated by creating bone marrow
chimeras in which recipient nonlymphoid cells were CD40+ or CD40-negative and donor
lymphoid cells were CD40+ or CD40-negative. All donors and recipients were IFN-γ−/−. 6
wk after irradiation and bone marrow reconstitution, all mice were given 200 μg anti-CD40.
Thyroids were removed 12 d later and scored for severity of thyrocyte proliferation. * p <
0.01, Mann-Whitney. Data represents 2 of 4 total experiments. n = 14, 14, 14, 11. Error bars
are ± SEM. B. Splenocytes from bone marrow chimeras were examined for expression of
CD8 and CD40 or CD19 andCD40 by flow cytometry. * p < 0.05, Student's t test. Data are
the percentages of the indicated cell types; 2 experiments, n = 10 for each group. Graphs on
the right are representative flow cytometry plots for each group.
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Figure 4.
Anti-CD40 promotes proliferation of thyrocytes in vitro and in vivo independent of
FcγRIIB. A. 60–70 % confluent primary cultures of TEC from CD40+ IFN-γ−/− or
CD40−/− IFN-γ−/− NOD.H-2h4 mice were incubated with 0.2 to 5 μg/ml anti-CD40 or
isotype control for 3 days as indicated. Thyrocyte proliferation was determined by
immunostaining with anti-PCNA. Data was quantified by counting 5–6 fields for expression
of PCNA+ cells (red). Results are the mean ± SEM of 5–6 fields. * p < 0.05, Student's t-test.
Data is representative of 3 separate experiments, n = 3. 400× bar is 0.05 mm. B. Primary
cultures of 60–70% confluent TEC from NOD and FcγR null NOD mice were incubated
with 1 μg/ml anti-CD40 or isotype control for 3 days. Thyrocyte proliferation was
determined as in A. Data is representative of 2 experiments, n = 2. (400× bar is 0.05 mm).
Data was quantified as in A. C. Primary cultures of thyrocytes from CD40 + IFN-γ−/−
NOD.H-2h4 mice were cultured 3 days with 1 μg/ml anti-CD40 in the presence or absence
of 1 μg/ml Fc block (24G2). Thyrocyte proliferation was determined as in A. Data is
representative of 2 experiments. D. Severity of thyrocyte proliferation in wild type and
FcγR null NOD mice given anti-CD40 or isotype control 7 days earlier. Data represents
mean severity scores in 2 of 4 experiments; n = 5, 6. E, Representative H&E stained sections
of thyroids in D. 100× bar is 0.1 mm, 400× bar is 0.05 mm.
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Figure 5.
Anti-CD40 induces expression of proinflammatory cytokines and chemokines in thyroids of
SCID mice. SCID mice were given isotype control or anti-CD40 and thyroids were removed
4, 8, 10 or 21 days later as indicated. RNA was isolated from individual thyroid lobes, and
cDNA was amplified using primers specific for the indicated molecules. Results are
expressed as the mean ratio of the indicated molecule/β actin ± SEM for 4–5 individual
samples from each group. * p<0.05 compared to isotype control group, Student's t test.
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Figure 6.
Anti-CD40 results in early development of TEC H/P in IFN-γ−/− NOD.H-2h4 mice. A. All
mice were given NaI in their drinking water. At various times after injection of anti-CD40 or
isotype control, thyroids were removed and scored for severity of thyrocyte proliferation. * p
< 0.01, Mann Whitney. Error bars are ± SEM, and represent 4 experiments. For isotype, n =
10; anti-CD40, 1 wk, n = 15; 4 wk, n = 15; 8 wk, n = 18, and isotype 6–7 mo, n = 10. B.
CD40 expression by thyrocytes of IFN-γ−/− NOD.H-2h4 mice with TEC H/P. Images are
representative of 2 experiments, n = 6. 100× magnification bar is 0.01 mm, 400×
magnification bar is 0.05 mm. C. Splenocytes from IFN-γ−/− NOD.H-2h4 mice with severe
TEC H/P were cultured and transferred to IFN-γ−/− SCID NOD.H-2h4 mice as described in
Methods. CD40 expression was examined 4 and 8 wk later in mice with varying TEC H/P
severity scores. Images are representative of 2 experiments, n= 6. D. CD40 protein
expression in thyroids of IFN-γ−/− mice with 0+ or 5+ TEC H/P severity scores or IFN-γ−/
− mice given anti-CD40 1 wk earlier. Data was quantified by comparing the ratio of CD40
to actin as in Figure 3. Results are representative of 2 experiments, n=6. Error bars are ±
SEM; * p<0.05, Student's t test.
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Figure 7.
A. Proposed mechanism by which agonistic anti-CD40 induces thyrocyte proliferation.
Anti-CD40 crosslinks CD40 on thyroid epithelial cells (TEC) (thyrocytes) leading to
increased CD40 expression on TEC, proliferation of TEC and production of
proinflammatory cytokines by TEC and/or monocytes or dendritic cells in the thyroid. Anti-
CD40 also activates APC in peripheral lymphoid organs. In nonlymphopenic mice, the
activated APC facilitate activation of CD8+ T cells which traffic to the thyroid where they
produce cytokines such as TNF-α and TGF-β (7, 9) that promote thyrocyte (TEC)
proliferation, resulting in TEC H/P. B. Proposed mechanism for spontaneous development
of TEC H/P. Antigen is presented to T cells by APC, leading to upregulation of CD40L,
activation of APC and activation of CD8+ T cells. This process may be facilitated by
increased environmental iodine. Activated T cells traffic to the thyroid where they interact
with CD40 on TEC and produce cytokines leading to increased expression of CD40 on TEC,
TEC proliferation, further cytokine production and recruitment of additional cells to the
thyroid. Note that T cells in the figure are depicted as CD8+ T cells because CD8+ T cells
have been shown to be the major effectors in TEC H/P (7). However, CD4+ T cells are also
activated and migrate to the thyroid, and are known to play a role during initial activation of
the CD8+ T cells.
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Table I

Effects of anti-CD40 on thyroids of different strains of mice

Strain 6–10 days
a

3–8 wk
a

Serum T4 
b

IFN-γ−/− NOD.H-2h4 SCID 4–5+ (n = 25 ) 4–5+ (n=13) Low

IFN-γ−/− NOD.H-2h4 4–5+ (n=18) 4–5+ (n=28) Low

CD4−/− IFN-γ−/− NOD.H-2h4 4–5+ (n=20) 4–5+(n=16) Low

B cell −/− IFN-γ−/− NOD.H-2h4 4–5+ (n=5) 4–5+ (n=9)
ND

c

WT NOD.H-2h4 1–4+ (n=10)
0–3+

d
 (n=11)

Normal

CD40−/− NOD.H-2h4 0 (n=8) ND Normal

IFN-γ−/− NOD 4–5+ (n=8) 4–5+ (n=6) Low

WT NOD 0+−4+ (n=17) 0+ (n=8) Normal

Fc null NOD 0+−4+ (n=14) ND ND

NOD. SCID 4+ (n=9) 4+ (n= 7) Normal

IFN-γ−/− DBA/1 0 (n = 11) 0 (n=6) Normal

WT DBA/1 0 (n=3) 0 (n=6) Normal

CBA/J 0 (n = 5) ND Normal

B6 Rag−/− 0 (n = 3) 0 (n = 3) ND

Balb/c Rag−/− 0 (n = 3) ND ND

a
The indicated strains of mice were given 200 μg anti-CD40 and thyroids were removed after 6–10 days or 3–8 wk. TEC H/P severity scores are

assigned as described in Methods. The range shown for each strain does not include an occasional mouse in the larger groups that failed to respond
to anti-CD40, presumably because of an ineffective i.p. injection. Numbers of mice in each group are indicated in parentheses.

b
Serum T4 levels 6–10 days and 3–8 wk after anti-CD40. Normal serum T4 is defined as ≥ 3 μg/dL and mice with low serum T4 had T4 levels of

≤3 μg/dL. Mice with 5+ severity scores generally have low serum T4 levels whereas mice with 4+ or lower severity scores always have normal
serum T4 levels.

c
ND = not determined.

d
WT NOD.H-2h4 mice given either isotype control or anti-CD40 had SAT but did not have TEC H/P 6–8 wk after receiving NaI in their water.
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