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In our previous studies, resolution of granulomatous
experimental autoimmune thyroiditis (G-EAT) was promoted when thyroid epithelial cells were protected
from Fas-mediated apoptosis due to transgenic overexpression of FLIP. We hypothesized that if FLIP were
overexpressed on lymphocytes, CD4ⴙ effector cells
would be protected from Fas-mediated apoptosis, and
resolution would be delayed. To test this hypothesis, we
generated transgenic (Tg) mice overexpressing FLIP under the CD2 promoter. Transgenic FLIP was expressed
on CD4ⴙ and CD8ⴙ T cells and B cells. Transgenic overexpression of FLIP protected cultured splenocytes from
Fas-mediated, but not irradiation-induced, apoptosis in
vitro. Unexpectedly, Tgⴙ donor cells transferred minimal G-EAT, which was partially overcome by depleting
donor CD8ⴙ T cells. When Tgⴙ and Tgⴚ donors transferred equivalent disease, G-EAT resolution was delayed
in FLIP transgenic mice. However, CD2-FLIP Tgⴙ donors
often transferred less severe G-EAT, even after depletion
of CD8ⴙ T cells. This influenced the rate of G-EAT resolution, resulting in little difference in G-EAT resolution
between groups. Tgⴙ mice always had reduced antimouse thyroglobulin autoantibody responses, compared with Tgⴚ littermates, presumably because of FLIP
overexpression on B cells. These results suggest that
effects of transgenic FLIP on a particular autoimmune
disease vary, depending on what cells express the transgene and whether those cells are effector cells or
if they function to modulate disease. (Am J Pathol 2011,

mouse thyroglobulin (MTg) and adjuvant1,2 or by transferring MTg-primed donor spleen cells activated with
MTg in vitro.2,3 A severe granulomatous form of EAT (GEAT) is induced when MTg-sensitized donor spleen cells
are activated in vitro with MTg and IL-124,5 or with MTg
and IL-23 (unpublished data). Thyroid lesions in G-EAT
are characterized by infiltration of inflammatory cells and
destruction of thyroid epithelial cells.4 –7 DBA/1 and
CBA/J mice, used in most G-EAT experiments in our
laboratory, develop severe G-EAT when donor cells are
activated with MTg and IL-12.3–7 Thyroid lesions reach
maximal severity 20 days after cell transfer, and inflammation either resolves or progresses to fibrosis at day 50
to day 60, depending on the extent of damage at day
20.3–7 DBA/1 recipients typically develop very severe
thyroid lesions (5⫹ severity score) by day 20, with few or
no remaining intact follicles, and inflammation and fibrosis persist 60 days after cell transfer.4 –7 CBA/J recipients
also develop very severe G-EAT, but there are usually
some intact thyroid follicles, less neutrophil infiltration,
and less fibrosis at day 20, compared with lesions in
DBA/1 mice. Thyroid lesions in CBA/J mice usually resolve by 50 to 60 days after cell transfer.8 CD4⫹ T cells
are the primary effector cells for G-EAT.4
The Fas/FasL apoptotic pathway plays an important
role in many human and murine autoimmune diseases,
including Graves’ disease, Hashimoto’s thyroiditis, and
EAT or G-EAT in mice.9 –17 The anti-apoptotic molecule
FLIP (FLICE inhibitory protein FLIP; FLICE is the Fasassociated death domain-like IL-1␤-converting enzyme)
inhibits Fas-mediated apoptosis by blocking activation of
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Experimental autoimmune thyroiditis (EAT) is a chronic
inflammatory autoimmune disease that can be induced in
genetically susceptible strains of mice by injecting
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caspase-8.18,19 The Fas/FasL pathway can function to
both induce autoimmune damage13,14 and reduce autoimmune responses.11,12,17
Our previous studies showed that resolution of G-EAT
involves apoptosis of CD4⫹ effector cells mediated, at
least in part, through the Fas/FasL pathway by FasL expressing thyrocytes.17 Expression of transgenic FLIP on
thyroid epithelial cells promotes earlier resolution of GEAT by protecting thyroid epithelial cells from Fas-mediated apoptosis.20,21 Because CD4⫹ T cells are the primary effector cells for G-EAT, we hypothesized that if
transgenic FLIP were expressed on lymphocytes, CD4⫹
effectors would be protected from Fas-mediated apoptosis, and resolution would be inhibited, resulting in chronic
inflammation. Transgenic (Tg) mice overexpressing FLIP
under the CD2 promoter were generated to test this hypothesis.

Materials and Methods
Generation of cFLIPL Transgenic DBA/1 and
DBA/CBA F1 Mice
The plasmid containing the recombinant FLIP-CD2 construct was provided by Dr. Ralph Budd (University of
Vermont).22 The recombinant construct was constructed
by inserting FLAG-tagged mouse cFLIPL cDNA into
pBSK II vector containing the ␤-globin promoter and a
downstream human CD2 locus enhancer element. The
plasmid was amplified in Escherichia coli and digested
using KpnI and NotI (Invitrogen, Carlsbad, CA). The
8.55-kb recombined construct fragment containing
FLAG-tagged mouse cFLIPL cDNA, ␤-globin, and CD2
enhancer was microinjected into fertilized oocytes from
FVB female mice (Transgenic Core Facility, University of
Missouri, Columbia, MO). Transgenic founders were
screened by PCR amplification of tail DNA using the
following primers: sense, 5=-TCAAGAGTGAGGAGGTTTGACC-3=; antisense, 5=-TCCGATTCCTGGATGGATGTC3=. Two FVB transgenic founders were obtained (one
male and one female). FVB mice, like DBA/1 mice, express the H-2q major histocompatibility complex, but are
less susceptible to EAT.21 The transgenic female FVB
founder was therefore crossed with an EAT-susceptible
DBA/1 male, and Tg⫹ F1 offspring were selected by PCR
amplification of tail DNA. Tg⫹ F1 mice were backcrossed
six times to DBA/1 mice, and offspring were selected at
each generation for expression of the transgene and the
DBA/1 coat color. In all experiments, Tg⫹ mice and their
Tg⫺ littermates were used as donors and recipients of
sensitized donor splenocytes. In the experiments reported here, CD2 FLIP DBA/CBA F1 mice were used as
donors and recipients, because their thyroid lesions are
less severe than in DBA/1 mice and their thyroid lesions
generally begin to resolve 50 to 60 days after cell transfer
(unpublished data). Immunohistochemistry (IHC) using
rabbit anti-FLIP polyclonal antibody (Abcam, Cambridge,
MA) and anti-FLAG polyclonal antibody (Abcam) and
Western blot using anti-FLIP monoclonal antibody
(Dave-2; Alexis Biochemicals–Enzo Life Sciences, San

Diego, CA) were used to confirm that the transgene was
expressed on lymphocytes, but not other cell types.

Western Blot Analysis
Western blotting was performed as described previously,21 using 30 g of protein loaded on a 10% SDSPAGE gel.

Confocal Laser Scanning DoubleImmunofluorescence Microscopy
To detect expression of transgenic FLIP by CD4⫹ and
CD8⫹ T cells and B cells and expression of active capase-3, a marker for apoptosis, dual-color immunofluorescence and confocal laser scanning microscopy were
performed as described previously.21,23 Polyclonal antiFLIP, anti-FLAG (Abcam), and active caspase-3 (BD
Pharmingen, San Diego, CA) antibodies, together with rat
anti-CD4, anti-CD8 or anti-B220 monoclonal antibody,
were used on frozen sections of spleens. FLAG, FLIP,
and active caspase-3 were visualized with Alexa Fluor
568 (red; Molecular Probes-Invitrogen, Eugene, OR).
CD4, CD8, and B220 molecules were visualized by Alexa
Fluor 488 (green). Slides were examined under a Radiance 2000 confocal system (Bio-Rad, Hercules, CA) coupled to an IX70 inverted microscope (Olympus, Tokyo,
Japan).

Isolation of Splenic CD4⫹ and CD8⫹ T Cells
and B Cells
To quantify expression of transgenic FLIP by CD4⫹ and
CD8⫹ T cells and B cells, cells were isolated from
spleens of Tg⫹ mice using phycoerythrin-labeled antiCD4, anti-CD8, and anti-B220 monoclonal antibody
(eBioscience, San Diego, CA) and an EasySep PE selection kit (STEMCELL Technologies, Vancouver, BC, Canada), as described previously.20,24 The isolated subsets
of splenocytes were 90% to 95% pure, as analyzed by
flow cytometry.

Sensitivity of Splenocytes to Fas-Mediated and
Irradiation-Induced Apoptosis
Splenocytes from CD2 FLIP Tg⫹ mice and Tg⫺ littermates were plated in 1 mL complete RPMI 1640 medium3,5 at 2 ⫻ 106 cells/well in 24-well plates. In some
experiments, splenocytes were irradiated at 30 Gy to
induce apoptosis.25 In other experiments, splenocytes
were cultured and treated with 1 g/mL agonist anti-Fas
antibody (Jo-2; BD Pharmingen) for 8, 16, and 24 hours.
The amount of anti-Fas was determined to be optimal
based on our preliminary studies and studies by others.26,27 Apoptosis of cultured splenocytes was determined by TUNEL assay using an ApopTag kit (Chemicon
International, Temecula, CA), as described previously.23,24,26 NovaRED substrate (Vector Laboratories,
Burlingame, CA) was used for color development, and
slides were counterstained with hematoxylin. To quantify
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Table 1.

Lower Levels of Anti-MTg IgG Autoantibodies in Serum from Tg⫹ Mice Than from Tg⫺ Littermates
ELISA OD410 (mean ⫾ SEM)
Day 20
1/800

1/3200

1/800

1/3200

1.405 ⫾ 0.281
0.781 ⫾ 0.056
1.865 ⫾ 0.172
0.872 ⫾ 0.274

0.830 ⫾ 0.294
0.351 ⫾ 0.052
0.358 ⫾ 0.149
0.086 ⫾ 0.036

0.604 ⫾ 0.126
0.412 ⫾ 0.08
1.715 ⫾ 0.139
0.902 ⫾ 0.193

0.570 ⫾ 0.155
0.229 ⫾ 0.060
0.265 ⫾ 0.086
0.188 ⫾ 0.074†

Mice*
⫺

Tg
Tg⫹
Tg⫺
Tg⫹

Day 50

*Data are from two different experiments, illustrated in Figure 4A (rows 1 and 2) and in Figure 4B (rows 3 and 4).
†
P ⬍ 0.05, versus Tg⫹ in the same experiment.
OD, optical density.

apoptotic cells, all cells in five or six randomly selected
high-power fields (magnification, ⫻400) were manually
counted and positive cells were expressed as a percentage of total cells.

Induction of G-EAT
DBA/CBA F1 Tg⫹ and Tg⫺ littermates generated in our
breeding colony were used as donors and recipients for
all experiments. Donor mice were injected intravenously
twice at 10-day intervals with 150 g MTg, prepared as
described previously,3 and with 15 g lipopolysaccharide (Sigma-Aldrich, St. Louis, MO). One week later, donor spleen cells were activated in vitro with 25 g/mL MTg
and 5 ng/mL IL-12 (PeproTech, Rocky Hill, NJ) or 20
ng/mL IL-23 (eBioscience) as described previously.5 After 72 hours, cells were harvested, and 3 ⫻ 107 cells were
transferred intravenously syngeneic FLIP Tg⫹ or Tg⫺ littermate recipients irradiated with 5 Gy. Recipient thyroids
were evaluated at 19 to 21 days (the time of maximal
disease severity and at 50 to 60 days after cell transfer
(the time of disease resolution).5,17 All mice were bred
and maintained in accordance with University of Missouri
institutional guidelines for animal care. In most experiments, donors were given 300 g anti-CD8 monoclonal
antibody (ATCC HB129; American Type Culture Collection, Manassas, VA) 4 days after the second immunization with MTg and lipopolysaccharide, to deplete donor
CD8⫹ T cells.8,28

Determination of Anti-MTg Autoantibody
Responses
MTg-specific autoantibodies were determined by enzyme-linked immunosorbent assay using serum from individual mice, as described previously.3–7 Serum dilution
is reported in Table 1. Normal mouse serum used at the
same dilutions always gave an optical density value of
OD ⬍ 0.05.

Evaluation of G-EAT Histopathology and
Fibrosis
Thyroids were harvested from groups of six to eight FLIP
Tg⫹ or Tg⫺ recipients at 19 to 21 or 50 to 60 days after
cell transfer. One lobe of each thyroid was fixed in for-

malin, and paraffin-embedded sections were stained with
H&E. Thyroids were scored quantitatively for G-EAT severity, defined as the extent of thyroid follicle destruction,
as described in detail elsewhere.4,5 Briefly, thyroiditis
scoring was as follows: 1⫹, an infiltrate of at least 125
cells in one or several foci; 2⫹, from 10 to 20 foci of
cellular infiltration involving ⱕ25% of the gland; 3⫹, from
25% to 50% of the gland is infiltrated; 4⫹, destruction of
⬎50% of the gland; and 5⫹, virtually complete destruction of the gland, with few or no remaining follicles. Thyroid lesions were also evaluated qualitatively.23 For evaluation of collagen deposition, thyroid sections from some
FLIP Tg⫺ and Tg⫹ recipients were stained using Masson’s trichrome.29 All slides were evaluated by at least
two investigators, one of whom had no knowledge of the
experimental groups. Differences in interpretation were
very rare.

RT-PCR
RNA was extracted from frozen thyroid lobes from individual mice obtained 20 days after cell transfer, or from
5 ⫻ 106 splenocytes cultured for 72 hours, and was reverse
transcribed as described previously.21,23,24 To determine
the relative initial amounts of target cDNA, each cDNA sample was serially diluted 1/5 and 1/25.21,23,24 PCR products
were electrophoresed in 2% agarose gel, visualized by UV
light after staining with ethidium bromide, and normalized
between samples relative to levels of hypoxanthine phosphoribosyltransferase (HPRT) or ␤-actin using IS-1000 digital imaging system software (Alpha Innotech–Cell Biosciences, Santa Clara, CA). Primer sequences were as
described previously.21,23,24

Cytokine Determination by ELISA
Culture supernatants from 72-hour cultured splenocytes
were collected and frozen at ⫺20°C. IFN-␥, IL-17, TNF-␣,
and IL-10 concentrations in supernatants were determined by enzyme-linked immunosorbent assay (ELISA)
using mouse Ready-Set-Go ELISA kits (eBioscience), according to the manufacturer’s instructions.

IHC
IHC staining for IFN-␥, TNF-␣, IL-10, IL-5, and CD4 was
performed as described previously.23 After fixation and
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blocking, frozen thyroid sections were incubated with rat
anti-IFN-␥ (XMG1.2; ATCC), rabbit anti-TNF-␣ (Santa
Cruz Biotechnology, Santa Cruz, CA), goat anti-IL-10
(Santa Cruz Biotechnology), rabbit anti-IL-5 (Santa Cruz
Biotechnology), rat anti-CD4 (GK1.5; ATCC), and rat antiCD8 (53.6; ATCC) antibodies for 60 minutes at room
temperature. After incubation with the corresponding
secondary biotinylated antibody (Jackson ImmunoResearch, West Grove, PA), immunoreactivity was demonstrated using the avidin-biotin complex immunoperoxidase system (Vector Laboratories) and developed using
NovaRED substrate (Vector Laboratories) as the chromogen. Slides were counterstained with hematoxylin. As a
negative control, primary antibody was replaced with an
equal amount of normal rabbit, rat, or goat IgG; these
controls were always negative. Positive cells were
counted using MetaMorph software version 6.3r6 (Molecular Devices, Sunnyvale, CA) and expressed as a percentage of total cells.

Statistical Analysis
All experiments were repeated at least twice. Statistical
analysis of data were performed using an unpaired twotailed Student’s t-test or Wilcoxon rank sum test. A P
value of ⬍0.05 was considered significant.

Results
Generation of FLIP Transgenic Mice and
Expression of FLIP by CD4⫹ and CD8⫹ T Cells
and B Cells
Our earlier studies showed that transgenic overexpression of FLIP by thyroid epithelial cells promotes early
resolution of G-EAT. Based on these and other results, we
hypothesized that overexpression of FLIP by lymphocytes would inhibit G-EAT resolution resulting in chronic
inflammation.20,21 To test this hypothesis, transgenic
mice expressing mouse cFLIPL under the control of a
␤-globin promoter and the downstream human CD2 enhancer element were generated (Figure 1A). A single
FVB transgenic founder female was crossed with a major
histocompatibility complex-compatible EAT-susceptible
DBA/1 male, and the Tg⫹ offspring were backcrossed to
DBA/1 for six generations, as described under Materials
and Methods. Western blot analysis (Figure 1B) indicated
that FLIP transgenic mice expressed the transgene at
levels more than fivefold higher than endogenous FLIP.
Previous studies with CD2 FLIP transgenic C57BL/6 mice
generated using the same construct as used here22 or a
similar construct27 showed that transgenic FLIP is overexpressed by T cells, but is not expressed by B cells,
even though CD2 is expressed by both T and B cells.30,31
To determine which cells express the transgene in DBA/1
CD2 FLIP transgenic mice, FLIP expression levels (endogenous and/or transgenic) of isolated CD4⫹ and CD8⫹
T cells and B cells from spleens of transgenic mice were
examined by confocal microscopy, RT-PCR, and Western blot. FLAG-tagged FLIP (transgenic) was expressed

Figure 1. Generation of FLIP transgenic mice and expression of FLIP in
CD4⫹ and CD8⫹ T cells and B cells. A: Map of the cFLIP transgene. 1.5-kb
FLAG-tagged mouse cFLIPL was cloned into a targeting vector (pBSK II),
driven by ␤-globin promoter and the downstream human CD2 enhancer
element. B: Western blot analysis of expression of endogenous and transgenic expression of FLIP in spleens of FLIP Tg⫹ mice and their littermates
(left) and relative expression level of transgenic FLIP to endogenous FLIP
(right). C: Confocal microscopy analysis of expression of FLAG on CD4⫹
and CD8⫹ T cells and B220⫹ B cells on frozen sections of spleens from Tg⫹
mice. Original magnification, ⫻800. D: mRNA analysis of FLIP expression on
CD4⫹ and CD8⫹ T cells and B220⫹ B cells. Spleen cell subsets were isolated
using magnetic beads, as described under Materials and Methods; purity was
⬎95%, determined by flow cytometry. Results are expressed as the mean
ratio FLIP densitometric U/HPRT ⫾ SEM (⫻100) of four individual mice/
group. E: Protein analysis of FLIP expression on CD4⫹ and CD8⫹ T cells and
B220⫹ B cells. Protein was pooled from individual mice (n ⫽ 6 per group).
For protein analysis, 30 g protein was loaded in each lane. All results are
representative of two or three experiments. *P ⬍ 0.05.

in both CD4⫹ and CD8⫹ T cells, and also in B cells
(Figure 1, C–E), and the level of expression of the transgene was similar for all three cell types (Figure 1, D and
E). Splenic B cells in FLIP transgenic mice also expressed endogenous FLIP (Figure 1E), whereas endogenous FLIP was not detected in normal CD4⫹ or CD8⫹ T
cells. Neither FLIP nor FLAG was detected in thyroids of
naïve Tg⫺ mice by IHC staining (data not shown).

Transgenic Overexpression of FLIP Protects
Cultured Splenocytes from Fas-Mediated
Apoptosis
To determine whether transgenic overexpression of FLIP
protected lymphocytes from Fas-mediated apoptosis in
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Donor Cells from CD2 FLIP Transgenic Mice
Transfer Less Severe G-EAT than Donor Cells
from Transgene-Negative Littermates

Figure 2. Transgenic overexpression of FLIP protects cultured splenocytes
from Fas-mediated apoptosis. A–L: Splenocytes from FLIP Tg⫺ and Tg⫹ mice
were cultured and treated with agonist anti-Fas (1 g/mL) or isotype IgG at
8, 16, and 24 hours. Apoptosis was detected by TUNEL staining (red), as
described under Materials and Methods. Original magnification, ⫻400. M:
TUNEL-positive cells in five or six randomly selected fields were manually
counted and expressed as a percentage of total cells. All results are representative of two or three experiments. *P ⬍ 0.05, significant difference
between Tg⫺ and Tg⫹ groups in the presence of anti-Fas.

vitro, splenocytes from FLIP Tg⫺ and Tg⫹ mice were
treated with agonist anti-Fas (1 g/mL). Apoptosis was
detected by TUNEL staining (Figure 2, A–L), as described under Materials and Methods. TUNEL-positive
cells in five or six randomly selected fields were manually
counted and expressed as a percentage of total cells
(Figure 2M). Essentially no TUNEL-positive cells were
detected in splenocytes from FLIP Tg⫺ or Tg⫹ mice cultured for 8 or 16 hours in the absence of anti-Fas (Figure
2, A, B, E, F, and M). Spontaneous apoptosis was detected in 15% of splenocytes from Tg⫺ mice after 24
hours (Figure 2, I and M), but in ⬍5% of splenocytes from
Tg⫹ mice (Figure 2, J and M). Few TUNEL-positive cells
were detected in splenocytes from FLIP Tg⫺ or Tg⫹ mice
after 8 hours of stimulation with anti-Fas (Figure 2, C, D,
and M). After 16 to 24 hours, 30% to 40% of splenocytes
from Tg⫺ mice were TUNEL-positive (Figure 2, G, K, and
M), whereas few or no TUNEL-positive cells were detected in splenocytes from FLIP Tg⫹ mice cultured for up
to 24 hours with anti-Fas (Figure 2, H, L, and M). These
results indicate that Fas-mediated apoptosis is inhibited
by transgenic overexpression of FLIP on splenocytes,
directly demonstrating that transgenic FLIP is functional
and that FLIP overexpression protects splenocytes from
Fas-mediated apoptosis in vitro. In contrast to apoptosis
induced by anti-Fas, death receptor-independent apoptosis induced by irradiation was unaffected by transgenic
overexpression of FLIP (see Supplemental Figure S1 at
http://ajp.amjpathol.org).

When MTg-sensitized splenocytes from transgene-negative donors were activated with MTg and IL-12 in vitro,
thyroid lesions were severe and were similar in both FLIP
Tg⫹ and Tg⫺ recipients 20 days after cell transfer, indicating that expression of transgenic FLIP in recipients
had no effect on development of G-EAT (Figure 3). However, when CBA/DBA F1 (Figure 3) or DBA/1 (data not
shown) FLIP-Tg⫹ mice were used as donors, severity
scores in both FLIP Tg⫹ and Tg⫺ littermate recipients
were much lower than those induced by cells from Tg⫺
littermates. These results were unexpected, and suggest
that sensitization of donor cells able to transfer G-EAT is
inhibited by transgenic overexpression of FLIP. Similar
results were observed when donor splenocytes were activated under Th17 polarization conditions (eg, with MTg and
IL-23; data not shown). Cells from MTg-sensitized donors
cultured with MTg alone or MTg and IL-4 (Th2 conditions)
transferred minimal disease, whether they were from Tg⫺ or
Tg⫹ donors (data not shown). Because the rate of resolution
of G-EAT is strongly influenced by disease severity scores
at 20 days after cell transfer,3– 8 the lower level of sensitization of splenocytes from Tg⫹ donors did not allow appropriate testing of our hypothesis.

Effect of Depletion of Donor CD8⫹ T Cells on
Development of G-EAT in Recipients of
Splenocytes from Tg⫹ and Tg⫺ Donors
We previously showed that transfer of G-EAT by in vitro
activated splenocytes was improved by depletion of donor CD8⫹ T cells.8 To determine whether in vitro activated
splenocytes from CBA/DBA F1 CD2 FLIP Tg⫹ donors
could transfer more severe G-EAT if donor CD8⫹ T cells
were depleted, Tg⫹ and Tg⫺ donors were given anti-CD8

Figure 3. Splenocytes from CD2 FLIP Tg⫹ donors transfer minimal G-EAT to
recipients, and expression of transgenic FLIP in recipients is irrelevant.
G-EAT severity scores of individual Tg⫹ and Tg⫺ recipients of Tg⫹ and Tg⫺
donor cells activated with MTg and IL-12 at 20 days after cell transfer. Results
are representative of three independent experiments. *P ⬍ 0.05, significant
difference between Tg⫹ and Tg⫺ recipients. Horizontal bar indicates the
average severity score for each group.
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similar in recipients of splenocytes from FLIP Tg⫹ and
Tg⫺ donors at day 50 (Figure 4B). These results indicate
that transgenic overexpression of FLIP on lymphocytes
did not consistently lead to prolonged inflammation, possibly because splenocytes from Tg⫹ donors unexpectedly transferred less severe G-EAT than splenocytes
from Tg⫺ littermates. Similar results were obtained when
splenocytes were activated with MTg and IL-23 (Th17
polarization conditions); that is, cells from Tg⫹ donors
transferred slightly less severe lesions at day 20, and
lesions at day 50 to day 60 were similar in recipients of
both Tg⫹ and Tg⫺ splenocytes (data not shown).

CD2 FLIP Transgenic Mice Produce Less AntiMTg Autoantibody than Transgene-Negative
Littermates

Figure 4. Effect of depletion of donor CD8⫹ T cells on development of
G-EAT in recipients of splenocytes from Tg⫹ and Tg⫺ donors. A: Representative G-EAT severity scores of individual recipients of Tg⫹ and Tg⫺ donor
cells at 20 days (P ⫽ 0.347, Tg⫹ versus Tg⫺ donors) and 50 days (P ⫽ 0.011,
Tg⫹ versus Tg⫺ donors) after cell transfer in some experiments. B: Representative G-EAT severity scores of individual recipients of Tg⫹ and Tg⫺
donor cells at day 20 (P ⫽ 0.015, Tg⫹ versus Tg⫺ donors) and day 50 (P ⫽
0.345, Tg⫹ versus Tg⫺ donors) in most experiments. Donor CD8⫹ T cells
were depleted in both A and B. *P ⬍ 0.05, significant difference between Tg⫹
and Tg⫺ donors. Horizontal bar indicates the average severity score for
each group.

monoclonal antibody 4 days after the second immunization with MTg and lipopolysaccharide.8 Recipients of
splenocytes from both Tg⫹ and Tg⫺ CD8-depleted donors had developed severe G-EAT (4⫹ to 5⫹) at 20 days
after cell transfer (Figure 4). Although at 20 days after cell
transfer G-EAT severity scores in recipients of Tg⫹ donor
cells were similar to those in recipients of cells from
similarly immunized and activated Tg⫺ littermates (Figure
4A), thyroid lesions in most recipients of splenocytes from
Tg⫺ donors were beginning to resolve 50 days after cell
transfer, whereas thyroids in most recipients of splenocytes from Tg⫹ donors had more inflammation (Figure
4A). These results are consistent with our hypothesis that
overexpression of FLIP on T cells should result in more
chronic inflammation, delaying G-EAT resolution.
Nonetheless, in most experiments the recipients of
splenocytes from CD8-depleted Tg⫹ donors had slightly
less severe G-EAT 20 days after cell transfer, compared
with recipients of splenocytes from Tg⫺ donors (Figure
4B). In these experiments, G-EAT severity scores were

It is not known why overexpression of FLIP on T and B
lymphocytes resulted in a reduced ability of cells from
immunized donors to transfer G-EAT. The fact that depletion of donor CD8⫹ T cells largely negated these differences suggests that overexpression of FLIP on CD8⫹ T
cells was one factor contributing to the lower activity of
cells from Tg⫹ donors. In addition, recipients of splenocytes from Tg⫹ donors always had lower anti-MTg autoantibody responses, compared with similarly activated
splenocytes from immunized Tg⫺ littermates (Table 1),
and Tg⫹ donors produced less anti-MTg autoantibody
than their Tg⫺ littermates (data not shown). This was true
when splenocytes were activated with MTg and IL-12
(Figure 4), and also when they were activated with MTg
alone or with MTg and IL-23 (data not shown). Because
anti-MTg autoantibody levels generally correlate with GEAT severity scores,4 – 8 the results suggest that transgenic expression of FLIP on B cells in CD2-FLIP transgenic mice might limit their ability to be activated to
produce autoantibody. Splenocytes from Tg⫹ and Tg⫺
littermates had similar percentages of CD4⫹ and CD8⫹ T
cells and B cells, as analyzed by flow cytometry, and
expression of CD2-FLIP on B cells did not influence the
relative proportions of splenic B cell subsets (data not
shown).

Expression of Cytokines in Cultured Splenocytes
from Tg⫹ and Tg⫺ Donors and in Thyroids of
Recipients of Tg⫺ and Tg⫹ Donor Cells
The balance between proinflammatory cytokines such as
IFN-␥, IL-17 and TNF-␣ and anti-inflammatory cytokines
such as IL-10 is important for development and progression of inflammation in autoimmune diseases, including
G-EAT.7,23,29,32–34 Others have shown that immune responses in CD2-FLIP transgenic mice are biased toward
Th2 responses27 although this was overcome to some
extent by activating cells under Th1 polarization conditions.35 To determine whether pro- and anti-inflammatory
cytokines were differentially expressed in splenocytes
from CD2-FLIP Tg⫹ and Tg⫺ donors after in vitro activation, mRNA expression of cytokines in splenocytes from
MTg-immunized Tg⫹ and Tg⫺ mice activated with MTg
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and IL-12 (Th1 polarization conditions) was determined
by RT-PCR (Figure 5). Splenocytes from Tg⫹ mice always
had lower expression of IFN-␥, compared with splenocytes from similarly immunized and activated Tg⫺ littermates (Figure 5A). Although cells cultured with MTg and
IL-12 had low expression of IL-17 (as expected), IL-17
was always lower in cells from Tg⫹ mice (Figure 5B).
Expression of IL-10 was also lower in splenocytes from
Tg⫹ donors (Figure 5C), whereas expression of IL-5 and
IL-13 (Figure 5, D and E) and also FLIP (Figure 5F) was
higher in splenocytes from Tg⫹ donors. Tg⫹ splenocytes
also had reduced expression of IL-17 and IFN-␥ mRNA
when splenocytes were cultured with MTg alone (nonpolarizing conditions) or with MTg and IL-23 (Th17 polarizing conditions) (data not shown). Concentrations of
IFN-␥, IL-17, and IL-10 were also lower in supernatants of
cultured splenocytes from Tg⫹ donors (Table 2). These
results are consistent with those of earlier studies27,35
demonstrating that cells from immunized CD2-FLIP transgenic mice are biased toward Th2 responses. Because
splenocytes from Tg⫹ and Tg⫺ donors activated under
Th2 polarizing conditions (IL-4) transfer minimal G-EAT
(data not shown), the Th2-biased responses in Tg⫹ donors might contribute to their reduced ability to transfer
severe G-EAT.
Thyroids of recipients of splenocytes from FLIP Tg⫹
and Tg⫺ donors with similar G-EAT severity (4⫹ to 5⫹) at

Figure 5. Analysis of FLIP and cytokine mRNA expression in cultured
splenocytes from Tg⫹ and Tg⫺ donors mRNA was isolated from splenocytes
of Tg⫹ and Tg⫺ donors cultured for 3 days with MTg and IL-12 and amplified
as described in Materials and Methods. Shown are RT-PCR results for IFN-␥,
IL-17, IL-10, IL-5, IL-13, and FLIP (A–F). Results are expressed as the mean
ratio of FLIP or cytokine densitometric U/␤-actin ⫾ SEM (⫻100) of four to
five samples per group. Results are representative of three independent
experiments. *P ⬍ 0.05, significant difference between cultured splenocytes
from FLIP Tg⫹ and Tg⫺ donors.

Table 2. Cytokine Concentration in Supernatants of Cultured
Splenocytes
ELISA cytokine concentration
(pg/mL)†
Supernatant source*
⫺

Tg ⫹IL-12
Tg⫹⫹IL-12
Tg⫺⫹IL-23
Tg⫹⫹IL-23
Tg⫺⫹IL-12
Tg⫹⫹IL-12

IFN-␥

IL-17

TNF-␣

IL-10

35,000
22,350
1080
890
30,960
11,920

18
9
4520
1410
11
8

127
128
26
22
106
100

2216
1052
987
483
1380
430

*Supernatants were obtained at the time cells were harvested for transfer
to recipient mice. Supernatants were from two different experiments, illustrated in Figure 4B (rows 1 to 4) and in Figure 4A (rows 5 and 6).
†
Data are reported as means of duplicate samples. Results are representative of at least three independent experiments.

day 20 were also analyzed by RT-PCR (Figure 6). FLIP
mRNA was highly expressed in thyroids of recipients of
splenocytes from Tg⫹ donors (Figure 6A), whereas much
lower levels of FLIP were detected in thyroids of recipients of splenocytes from FLIP Tg⫺ donors with severe
G-EAT (Figure 6A). As shown previously,20,21,23,24 cytokine mRNA was undetectable in thyroids of normal Tg⫹ or
Tg⫺ mice (Figure 6, B–F). Consistent with the results

Figure 6. Analysis of FLIP and cytokine mRNA expression in thyroids of
recipients of Tg⫹ and Tg⫺ donor cells. mRNA was isolated from thyroid lobes
of individual recipient mice 20 days after cell transfer and amplified as
described in Materials and Methods. All recipient thyroids had similar 4⫹ to
5⫹ severity scores. mRNA of FLIP (A), IFN-␥ (B), IL-17 (C), IL-10 (D), IL-5
(E), and IL-13 (F) was undetectable in thyroids of normal Tg⫹ or Tg⫺ mice.
FLIP and TNF-␣ mRNA expression was higher (A and C), IL-10 and IFN-␥
mRNA expression was lower (B and D), and IL-5 and IL-13 mRNA expression
was similar (E and F) in recipient thyroids of FLIP Tg⫹ donors, compared
with Tg⫺ donors. Results are expressed as the mean ratio of FLIP or cytokine
densitometric U/HPRT ⫾ SEM (⫻100) of five or six mice per group. Results
are representative of three independent experiments. *P ⬍ 0.05, significant
difference between recipient thyroids of FLIP Tg⫹ and Tg⫺ donors.
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shown for splenocytes, expression of IFN-␥, IL-17, and
IL-10 mRNA was lower in thyroids of recipients of splenocytes from FLIP Tg⫹ donors (Figure 6, B–D). However,
expression of IL-5 and IL-13 mRNA (Figure 6, E and F)
was similar in recipient thyroids of splenocytes from FLIP
Tg⫹ and Tg⫺ donors. The PCR results were also supported by analysis of protein expression in thyroids by
IHC. Consistent with mRNA expression patterns (Figure
6), the staining intensity for IFN-␥, IL-17, and IL-10 was
weaker for FLIP Tg⫹, but staining for IL-5 was similar in
thyroids of recipients of splenocytes from FLIP Tg⫹ and
Tg⫺ donors (see Supplemental Figure S2 at http://ajp.
amjpathol.org), even though G-EAT severity scores were
similar for both groups.

Discussion
The present study was undertaken to test the hypothesis
that transgenic overexpression of the antiapoptotic molecule FLIP on lymphocytes would result in chronic inflammation and delayed resolution of G-EAT. In contrast to
our hypothesis, results of most experiments indicated
little difference in the rate of resolution of G-EAT in recipients of splenocytes from CD2-FLIP Tg⫹ or Tg⫺ donors
(Figure 4). This can be explained, at least in part, by the
unexpected finding that in vitro activated splenocytes
from CD2-FLIP Tg⫹ donors transferred less severe GEAT, compared with their Tg⫺ littermates (Figure 3). The
decreased ability of CD2-FLIP transgenic donors to
transfer severe G-EAT to recipient mice was apparently
due, in part, to suppression of effector T cell activation by
CD8⫹ T cells, because depletion of donor CD8⫹ T cells
increased the ability of Tg⫹ donor cells to transfer G-EAT
(Figure 3 versus Figure 4). However, depletion of donor
CD8⫹ T cells only partially restored the ability of donor
cells to transfer G-EAT in most experiments (Figure 4B),
indicating that other factors also contributed to the
greater resistance of transgene-positive donors to
G-EAT. After depletion of donor CD8⫹ T cells, CD2-FLIP
transgenic mice produced less anti-MTg autoantibody
than their nontransgenic littermates, and their T cells produced lower amounts of proinflammatory cytokines.
These results indicate that the role of FLIP in the immune
response is complex, and the effects of overexpression
of a particular molecule on an immune response or autoimmune disease can be difficult to predict.
Although depletion of donor CD8⫹ T cells increased
the ability of Tg⫹ donor splenocytes to transfer severe
G-EAT in most experiments (Figure 4), recipients of
splenocytes from Tg⫹ donors still had slightly lower GEAT severity scores at day 20, compared with recipients
of cells from similarly immunized and activated Tg⫺ littermates (Figure 4B). Because the rate of resolution correlates with G-EAT severity scores at 19 to 21 days after
cell transfer,4 – 8 effects on resolution can be determined
only if the groups being compared have similar G-EAT
severity scores 19 to 21 days after cell transfer. Therefore, the reduced G-EAT susceptibility of CD2-FLIP Tg⫹
mice compared with their Tg⫺ littermates almost certainly
contributed to results observed at 50 to 60 days. In a few

experiments, recipients of Tg⫹ and Tg⫺ donor cells had
similar G-EAT severity scores 20 days after cell transfer.
In those experiments, thyroid lesions in recipients of Tg⫺
donor cells were beginning to resolve by day 50 to day 60
(Figure 4A), whereas lesions in most recipients of Tg⫹
cells were not resolving and had more fibrosis (data not
shown). Although the latter results are consistent with our
hypothesis that transgenic overexpression of FLIP on
lymphocytes should result in delayed G-EAT resolution,
the tendency for cells from Tg⫹ donors to transfer less
severe G-EAT in most experiments prevented appropriate testing of our hypothesis.
In previous studies, others using the same CD2-FLIP
construct showed that the CD2-FLIP transgene is expressed in T cells, but not in B cells.22,27 Because CD2 is
expressed by both T and B cells,30,31 it is not surprising
that transgenic FLIP under the promoter of CD2 was also
expressed in B cells (Figure 1). It is difficult to determine
whether expression of transgenic FLIP by B cells in our
mice contributed to the greater resistance to G-EAT in our
CD2-FLIP transgenic mice. Clearly, CD2-FLIP transgenic
mice produced less anti-MTg autoantibody than their
Tg⫺ littermates (Table 1), and susceptibility to EAT and
G-EAT is known to correlate with levels of anti-MTg autoantibody responses.3– 8 However, it is not clear why protection of B cells from Fas-mediated apoptosis due to
overexpression of FLIP would lead to reduced autoantibody responses. Further studies will be required to determine how overexpression of FLIP in B cells might contribute to the greater resistance to G-EAT in CD2-FLIP
transgenic mice.
Development and resolution of inflammation is regulated by cytokines.7,21,23,32–34 Proinflammatory cytokines
such as IFN-␥ and TNF-␣ promote inflammation,32–34 and
can sensitize thyroid epithelial cells to undergo Fas-mediated apoptosis,9,32–34,36 whereas anti-inflammatory cytokines such as IL-10 inhibit inflammation7,21,23,29 and
promote apoptosis of inflammatory cells.9 CD2-FLIP
transgenic mice produced lower levels of both proinflammatory IFN-␥ and IL-17 cytokines, as well as the antiinflammatory cytokine IL-10, compared with their Tg⫺
littermates (Table 2 and Figures 5 and 6). This was true
both for cytokines expressed or produced by activated
splenocytes in vitro (Table 2 and Figure 5) and for cytokines expressed in thyroids of recipient mice (Figure 6).
In our previous studies in G-EAT, IL-10 was produced
mainly by CD4⫹ T cells, CD8⫹ T cells, and macrophages,23 and increased expression of IL-10 by CD8⫹ T
cells was associated with earlier resolution of G-EAT.7,23
Production of lower amounts of IL-10 by CD2-FLIP transgenic mice would thus have been consistent with our
initial hypothesis that overexpression of FLIP on T cells
would promote chronic inflammation and inhibit G-EAT
resolution. However, overexpression of FLIP also unexpectedly resulted in decreased susceptibility to G-EAT,
which is consistent with the lower expression of proinflammatory cytokines in CD2-FLIP transgenic mice.
Therefore, the decreased expression of proinflammatory
cytokines in CD2-FLIP transgenic mice was apparently
one major factor that resulted in their overall reduced
susceptibility to G-EAT.7,21,23,24 These results would be
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consistent with findings by others suggesting that transgenic overexpression of FLIP in T cells results in decreased T cell activation.37
Although transgenic overexpression of FLIP in T cells
may have resulted in decreased T cell activation in our
CD2-FLIP transgenic mice, the fact that depletion of donor CD8⫹ T cells increased the ability of splenocytes
from CD2-FLIP Tg⫹ mice to transfer G-EAT is consistent
with the idea that apoptosis-resistant CD8⫹ T cells are, at
least in part, responsible for the relative resistance to
G-EAT in recipients of cells from CD2-FLIP transgenic
donors. CD4⫹ T cells are the primary effector cells for
G-EAT,4 – 8 and CD8⫹ T cells function to negatively regulate G-EAT.6 – 8 Previous studies by ourselves and others
showed that CD8⫹ T cells could inhibit development of
autoimmune diseases and/or promote resolution of inflammation through the Fas/FasL pathway8,17,38 – 40 or
through the activity of IL-10-producing CD122⫹CD8⫹ T
cells.23,41 Further studies are needed to address the detailed mechanisms by which transgenic overexpression
of FLIP on B cells and T cells decreases the sensitivity of
CD2-FLIP Tg⫹ mice to EAT induction.
As noted above, IFN-␥, IL-17, and IL-10 were consistently decreased in both splenocytes and recipient thyroids of CD2-FLIP transgenic mice (Table 2 and Figures
5 and 6), although there was little effect on expression of
TNF-␣ (Table 2). Previous studies by others showed that
transgenic overexpression of FLIP promotes Th2 effector
responses.27,35 Our studies also demonstrated a Th2
bias in splenocytes from CD2-FLIP transgenic donors
(Figure 5), although IL-5 and IL-13 (Figure 6) expression
was similar in recipient thyroids of FLIP Tg⫹ donors,
compared with Tg⫺ donors. We previously showed that
neutralization of IL-5 has little effect on G-EAT resolution,42 and our previous studies suggested that IL-13 was
decreased and IFN-␥ was increased in thyroid lesions
that did not resolve at day 50 to day 60.7 Hence, it is
reasonable to argue that no single dominant cytokine
uniquely regulates the overall process of tissue damage
and that it is the balance between pro- and anti-inflammatory cytokines that ultimately influences the development and/or resolution of autoimmune inflammation. Our
results and previous results of others suggest that the
effect of transgenic FLIP on a particular autoimmune disease will vary depending on what cells express the transgene and whether or not those cells are effector cells or
whether they function to modulate the disease. Further
studies may provide greater insight into the complex role
of FLIP in development and resolution of inflammation.
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