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Introduction

IFN-y—/— NOD.H-2h4 mice given Nal in their drinking
water develop an autoimmune disease characterised by
extensive proliferation of thyroid epithelial cells (TEC H/P)
and development of thyroid fibrosis [1, 2].
hyperplasia in humans is very common and can be difficult
to distinguish from neoplasia [3-5]. The animal model of
thyrocyte hyperplasia in IFN-y—/— NOD.H-2h4 mice is a
well-characterised animal model that can be used to increase
our understanding of the mechanisms underlying develop-
ment of abnormal cell proliferation, hyperplasia and fibrosis

in autoimmune disease.

14

Abstract

IFN-y—/—NOD.H-2h4 mice develop thyroid epithelial cell hyperplasia (TEC H/P)
characterised by abnormal proliferation of thyrocytes and infiltration of thyroids
by CD4+ and CD8+ T cells, macrophages and dendritic cells. CD8+ T cells from
mice with severe TEC H/P transfer similar lesions to SCID recipients, whereas
CD4+ T cells transfer mild TEC H/P. CD4— and CD8— deficient IFN-y—/—NOD.
H-2h4 mice were generated to determine if CD4+ T cells were required for initial
activation of the CD8+ T cells that transfer TEC H/P. After 6—8 months on Nal
water, only 2 of 60 CD8—/— mice developed severe TEC H/P, whereas 31 of 101
CD4—/— mice developed severe TEC H/P and fibrosis comparable in severity to
that of IFN-y—/— mice. However, splenocytes from CD4—/— mice with severe
TEC H/P did not effectively transfer severe TEC H/P to SCID recipients. When
CD4—/— donors were given agonistic anti-CD40 mAb, most developed severe TEC
H/P and their cells transferred severe TEC H/P to SCID recipients. These results
indicate that agonistic anti-CD40 can provide an important signal for activation of
autoreactive CD8+ T cells that transfer severe TEC H/P. Therefore, targeting or
blocking CD40 could provide effective therapy for diseases involving hyperplasia
and fibrosis mediated by CD8+ T cells.

Several autoimmune diseases such as systemic lupus
erythematosus (SLE), systemic sclerosis, rheumatoid arthri-
tis, and autoimmune thyroiditis can be associated with
epithelial cell hyperplasia and fibrosis [2, 6, 7], and
mechanisms underlying development of such lesions are
Thyroid poorly understood. Thyroid nodules and thyrocyte hyper-
plasia are very common in humans, and can be associated
with an increased risk of thyroid cancer. Thyroid cancer is
one of the most common endocrine tumours in humans and
understanding the mechanisms that lead to dysregulated
thyrocyte proliferation is very important [8, 9]. TEC H/P in
IFN-y—/— NOD.H-2h4 mice is an autoimmune disease,
because T cells from IFN-y—/— mice with severe TEC H/P
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transfer similar lesions to IFN-y—/— NOD.H-2h4.SCID
mice, and IFN-y—/— SCID mice, which lack lymphocytes,
and mice lacking T cells do not develop TEC H/P [2, 10].
Purified CD8+ T cells from IFN-y—/— mice with severe
TEC H/P transfer severe TEC H/P to SCID recipients,
whereas purified CD4+ T cells transfer mild TEC H/P [10].

Our previous studies clearly showed that fully activated
highly purified CD8+ T cells could transfer severe TEC H/P
to SCID recipients [10]. However, the induction period for
development of severe TEC H/P is long [2, 10], and CD4+ T
cells could be required for initial activation of the CD8+
effector T cells. CD4+4 T cells play an important role in
development of memory CD8+ T cells in several models
[11-14], including diabetes in NOD mice [15]. In those
studies, memory CD8+ T cells that developed in the absence
of CD4+ T cell help had reduced survival and effector
function compared to memory CD8+ T cells that developed
in the presence of CD4 help.

CD4—/— and CD8—/— IFN-y—/— NOD.H-2h4 mice
were developed to determine if T cells that induce and
transfer severe TEC H/P can develop in the absence of CD4+
T cells. The results showed that 30% of CD4—/— mice
developed severe TEC H/P, whereas CD8—/— mice were
almost completely resistant. These results demonstrate that
CDA4+ T cells are not absolutely required for development of
severe TEC H/P, but splenocytes of CD4—/— mice were
deficient in their ability to transfer severe TEC H/P to SCID
recipients. When CD4—/— mice were given agonistic anti-
CD40, most of them developed severe TEC H/P, and their
splenocytes could transfer severe TEC H/P. These results
suggest that a signal that can be provided by anti-CD40 is
important for activation of T cells from CD4—/— mice to
transfer severe TEC H/P.

Materials and Methods
Mice

IFN-y—/— NOD.H-2h4 and IFN-y—/— NOD.H-2h4 SCID
mice were generated as previously described [1, 2]. CD4—/—
and CD8—/— IFN-y—/— NOD.H-2h4 mice were generated
by crossing CD4—/— or CD8—/— NOD males (Jackson
Laboratories, Bar Harbor, ME, USA) with NOD.H-2h4
females. F1 mice were bred and F2 mice were selected for
expression of the H-2K* MHC class I molecule by flow
cytometric analysis of peripheral blood [1] and for the
CD4—/— or CD8—/— knockout by PCR analysis of tail DNA
according to the protocols on the Jackson Laboratories web
site. After selection of mice homozygous for H-2K* and the
gene knockout, CD4—/— and CD8—/— NOD.H-2h4 mice
were further crossed with IFN-y—/— NOD.H-2h4 mice to
generate CD4—/— and CD8—/— IFN-y—/— NOD.H-2h4
mice. All mice used in this study are NOD.H-2h4 and IFN-
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vy—/—; for simplicity, the NOD.H-2h4 and IFNy—/—
designations are not included in every instance.

Except where mentioned otherwise, all mice were given
0.08% Nal water for 6-8 months beginning at 7-8 weeks of
age [1, 2]. In some experiments, CD4—/— mice were given a
single i.p. injection of 200 pg anti-CD40 FGK45 (BioXcell,
West Lebanon, NH, USA) or IgG2a isotype control, and used
at various intervals thereafter as indicated for individual
experiments. For the experiments in Figures 3B and 6, anti-
CD40 or isotype control was injected on the day the mice
were given Nal water, while in the experiments in Figures 3A
and 4, the mice were given anti-CD40 or isotype control 5-8
months after they started on Nal water (also see figure
legends). 100-200 wg of anti-CD40 was determined in
preliminary experiments to result in optimal stimulation of
splenic APC and to effectively promote development of
severe TEC H/P. All mice were given Nal in their drinking
water at the time of injection of anti-CD40 or isotype
control. All animal protocols were approved by the
University of Missouri and VA Animal Care and Use
Committees.

Cell culture and adoptive transfer

Splenocytes from CD4—/— and CD4+ IFN-y—/— NOD.H-
2h4 mice with severe TEC H/P were pooled and cultured for
72h with mouse thyroglobulin (MTg) as previously
described [10]. In some experiments, IL-2 (10 ng/mL) or
anti-CD40 (FGK45) (10 pg/mL) was added to cultures of
CD4—/— splenocytes, and in other experiments, donor mice
were given 200pg anti-CD40 1-2 months prior to
splenocyte culture. Splenocytes (3 x 10°) were transferred
i.v. into NOD.H-2h4 IFN-y—/— SCID mice, recipients were
given Nal water, and thyroid histology was assessed 28 or
60 days later as indicated in the figures. The SCID recipients
were 7-10 weeks old at the time of cell transfer. In most
experiments, cultured cells were examined by flow cytometry
prior to transfer to ensure absence of CD4+ T cells. Thirty to
40% of the transferred cells were CD8+ T cells and 40-50%
were CD19+ B cells. In addition, spleens of SCID recipients
were examined at the time thyroids were removed to ensure
that recipients of CD4—/— splenocytes did not have any
CD4+ T cells and that the SCID recipients were not leaky. As
shown previously, splenocytes from IFN-y—/— donors with
severe TEC H/P transfer severe TEC H/P to SCID recipients,
whereas splenocytes from donors with no or mild TEC/HP
do not transfer severe TEC H/P [2, 10]. The TEC H/P
severity scores of donors used for all experiments were
shown to be 4-5+ by histology prior to transferring their
splenocytes. Culturing donor cells in vitro prior to transfer
greatly facilitates the efficiency of cell transfer and allows
transfer of severe TEC H/P with 10-fold fewer cells than are
needed with freshly isolated splenocytes [10].
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Flow cytometry

Spleens of some experimental mice were analysed for
expression of CD4, CD8, CD19, CD11c, CD40, CD80 and
NKG2D by flow cytometry (FACScan and FACSCalibur) as
previously described [10] by gating on total lymphocytes.
Antibodies were obtained from eBioscience (San Diego, CA,
USA) or Biolegend (San Diego, CA, USA).

Evaluation of TEC H/P severity scores

Thyroids were removed at various times as indicated in the
figures and table. One thyroid lobe was fixed in formalin,
sectioned and stained with hematoxylin and eosin (H & E),
and the other thyroid lobe was frozen for later use for
analysis by IHC, Western blot or PCR as previously
described [1, 2]. All slides were scored blindly and
independently by two individuals, and thyroid histopathol-
ogy was scored for the extent of thyroid follicular cell
hyperplasia/proliferation using a scale of 05+ as previously
described [1, 2]. Briefly, a score of 0 indicates a normal
thyroid, and 0+ indicates mild follicular changes and/or a
few inflammatory cells infiltrating the thyroids. A 14 score is
defined as hyperplastic changes sufficient to cause replace-
ment of several follicles, 2+ represents hyperplastic changes
causing replacement or destruction of up to 1/4 of the gland,
3+ indicates that 1/4-1/2 of the gland is destroyed by
hyperplastic changes, and 4+ indicates that greater than 1/2
of the gland is destroyed. Thyroids given a score of 5+ had
few or no remaining normal follicles and extensive collagen
deposition (fibrosis). Severe TEC H/P lesions (graded 4-5+
based on the percentage of normal thyroid follicles
remaining) were greatly enlarged and white in color, and
had widespread clusters of proliferating thyrocytes and some
lymphocyte infiltration. The areas of proliferating thyrocytes
were usually surrounded by collagen. All thyroids with mild
or severe hyperplasia had infiltrating mononuclear cells,
consisting of T cells, macrophages and dendritic cells [10].

Masson's trichrome

Fibrosis was evaluated using Masson’s trichrome stained
thyroid sections as previously described [16].

Serum T4 assays

In some experiments, serum T4 levels were determined using
T4 ELISA kits (Leinco, Inc., St. Louis, MO, USA). Values for
normal mouse serum ranged from 4 to 8 pg/dL of serum and
values were considered low when <3 ng/dL [2, 17]. All mice
with low serum T4 had very severe (4-5+) TEC H/P with few
or no normal thyroid follicles, whereas all mice with severity
scores <4+ or 4+ severity scores with significant numbers of
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remaining follicles have serum T4 levels in the normal
range. Two samples of serum from normal mice are also
included in each assay, and they are always within the range
of 4-8 pg/dL.

Immmunohistochemistry

Thyroid tissues were embedded in OCT (Sakura, Torrance,
CA, USA), and sections (7 um) were cut and stored at
—80°C. Frozen thyroid sections were stained as previously
described [1, 2]. Anti-CD4 (GK1.5), anti-CD8« (53.6), anti-
CD11b (CRL 1969, ATTC), and anti-CDllc (N418,
Biolegend) were used as primary antibodies. Biotinylated
goat-anti-rat IgG or biotinylated hamster IgG (Jackson
Immunoresearch, West Grove, PA, USA) was used as
secondary antibody, followed by incubation with Vectastain
Elite avidin—biotin complex (Vector Laboratories, Burlin-
game, CA, USA). Peroxidase activity was visualized using
Nova Red substrate (Vector) [2, 18, 19].

Statistical analysis

The Wilcoxson rank sum test was used to analyse differences
in disease severity scores between groups of mice. Student’s
t-test was used for all other analyses. Results are expressed as
mean £ SEM. Values of P < 0.05 were considered significant.

Results

CD4—/— mice develop severe TEC H/P and CD8—/—
mice are resistant to TEC H/P

Our previous studies showed that 60-70% of IFN-y—/—
NOD.H-2h4 mice given Nal in their drinking water for >6
months develop severe (4—5+) TEC H/P [1, 2]. As stated in
the Introduction, CD8+ T cells are the major effector cells
for TEC H/P, and after CD8+ T cells are activated, CD4+ T
cells are not required to transfer severe TEC H/P [10]. The
induction period for development of severe TEC H/P is long
(>6 months), and our earlier studies did not address
whether CD4+ T cells might be required for the initial
activation of CD8 cells and development of severe TEC H/P
in IFN-y—/— donors. CD4 and CD8-deficient IFN-y—/—
NOD.H-2h4 mice were developed in order to address this
question. Mice were given Nal in their water for 6—8 months.
The results (Table 1) showed that 31 of 101 (31%) CD4—/—
mice develop 4+ to 5+ severe TEC H/P, whereas most other
CD4—/— mice developed no or very mild (0+ to 14+) TEC
H/P. In contrast, most CD8—/— mice were resistant to TEC
H/P, as only 2 of 62 (3%) CD8—/— mice developed severe
(4-5+) TEC H/P after 7 months on Nal water. The reduced
incidence of severe TEC H/P in CD4—/— mice is almost
completely nullified if CD4—/— mice are given CD4+ T cells
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Table 1. Development of severe TEC H/P in IFN-y—/— CD4—/— mice.

Promoting thyroid epithelial cell hyperplasia

Mice' 0 1+ 2+ 3+ 4+ 5+
TEC H/P severity?
CD8—/— 50 6 3 1 1 1
CD4—/— 63 3 3 1 7 24
CD8—/— to CD4—/— 6 0 1 1 0 9
IFN-y—/— 6 0 0 0 1 15

"FN-y—/— CD8—/— and CD4—/— NOD.H-2h4 mice, CD4—/— mice given splenocytes from CD8—/— NOD.H-2h4 mice and IFN-y—/— NOD.H-2h4 mice
were given Nal in their drinking water. Thyroids were removed 6-8 months later.
2Numbers of mice with various degrees of severity of TEC H/P. Line 1 versus line 2, P< 0.01; line 2 versus line 3, P<0.05.

(splenocytes from CD8—/— donors), since the incidence of
severe TEC H/P (55%; Table 1, line 3) was comparable to
that of IFN-y—/— NOD.H-2h4 mice (60-70%) as shown in
our earlier studies [1, 2] and in Table 1, line 4. These results
indicate that CD8+ T cells can be activated to induce severe
TEC H/P in the absence of CD4+ T cells, but the incidence of
severe TEC H/P is much higher when CD4+ T cells are
present.

The histopathology of severe TEC H/P in CD4—/— IFN-
y—/— mice is like that of IFN-y—/— mice, with extensive
proliferation of thyrocytes (Fig. 1C and D) and collagen
deposition (fibrosis, blue) surrounding the proliferating
thyrocytes (Fig. 1E-H). IFN-y—/— mice with severe TEC H/
P always have both CD4+- and CD8+ T cells infiltrating their
thyroids (Fig. 11 and K), whereas thyroids of CD4—/— mice
have CD8+ T cells (Fig. 1L), but no CD4+ T cells (Fig. 1]).
IFN-y—/— mice and CD4—/— mice with severe TEC H/P
have comparable infiltration of CD11b+ (Fig. 1M and N)
and CD11c+ cells (Fig. 10 and P) in their thyroids.

Splenocytes from CD4—/— mice with severe TEC
H/P are deficient in their ability to transfer severe
TEC H/P to SCID recipients

Cultured splenocytes from IFN-y—/— donors with severe
TECH/P or CD8+ T cells purified from cultured splenocytes
transfer severe TEC H/P to SCID recipients, with severe TEC
H/P developing in most recipients 28 days after cell
transfer [10]. We hypothesized that splenocytes from
CD4—/— donors with severe TEC H/P should also transfer
severe TEC H/P to IFNy—/— SCID recipients, thus
providing a useful model for determining the mechanisms
by which CD8+ T cells promote thyrocyte proliferation. To
address this question, splenocytes from IFNy—/— CD4—/—
or IFN-y—/—CD44 mice with severe TEC H/P were
cultured as described in Materials and Methods Section
and cells were transferred to SCID recipients as previously
described [10]. Unexpectedly, when thyroids were removed
28 days later, only 2 of 33 recipients of IFNy—/— CD4—/—
splenocytes had severe (4-5+) TEC H/P, whereas 16 of 18

recipients of IFN-y—/— splenocytes had severe TEC H/P
(Fig. 2A). Sixty days after cell transfer, 18 of 39 (44%)
recipients of CD4—/— splenocytes had very severe (4-5+)
TEC H/P compared to 13 of 15 (>80%) recipients of IFN-
y—/— splenocytes (Fig. 2B). When experiments were
terminated, analysis of recipient spleens by flow cytometry
indicated that recipients of splenocytes from CD4—/—
donors had CD8+ T cells and no CD4+ T cells at both
day 28 and day 60 (data not shown), confirming that the
donors were CD4—/— and that the SCID recipients were not
leaky and did not provide any CD4+ T cells. These results
indicate that splenocytes from CD4—/— mice with severe
TEC H/P are deficient in their ability to transfer severe TEC
H/P to SCID recipients.

Agonistic anti-CD40 promotes development of
severe TEC H/P in CD4—/— IFN-y—/— mice

The results in Table 1 and Figure 2 suggest that CD4+ T cells
are important for optimal activation of CD8+- effector T cells
for TEC H/P. Memory CD8+ T cells can be reactivated to
function as effector cells in other models, and the function of
CD4+ T cells can be replaced by addition of IL-2 or agonistic
anti-CD40 during in vitro activation [11-15, 20-22]. To
determine if IL-2 or agonistic anti-CD40 could activate
splenocytes from CD4—/— donors to transfer severe TEC H/
P, cells were cultured with MTg together with 10 ng/mL IL-2
or 10 pg/mL anti-CD40 prior to transfer to SCID recipients.
Neither of these improved the ability of CD4—/— cells to
transfer severe TEC H/P (Table 2).

The lower incidence of TEC H/P and reduced ability of
cells from CD4—/— donors to transfer severe TEC H/P could
be explained if CD8+ T cells were ineffectively primed in
vivo in the absence of CD4+ T cells. One mechanism by
which CD4+ T cells promote activation of CD8+ T cells is
by activating and inducing maturation of APC such as B
cells, dendritic cells and macrophages [21, 23]. This function
can often be replaced by agonistic anti-CD40 mAb [15, 20,
22]. We hypothesised that agonistic anti-CD40, by activating
CD40+ APC, such as dendritic cells, macrophages or B cells,

© 2013 The Authors. Immunity, Inflammation and Disease Published by John Wiley and Sons Ltd. 17
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H&E
Staining
Trichrome
staining
CDh4
CD8
CD1l1b
CDhllc

Figure 1. Histology of severe TEC H/P in CD4+ IFNy—/— and CD4—/—
IFNy—/— mice. CD4—/— and CD4+ IFNy—/— NOD. H-2h4 mice were
given Nal in their drinking water, and thyroids were removed 6-7 months
later. Shown are representative thyroid sections from naive IFNy—/— and
CD4—/— mice (no TEC H/P) (A, B), and mice with severe (5+) TEC H/P (C,
D) and fibrosis (E-H, blue colour). Thyroids of CD4—/— mice have many
CD8+ T cells infiltrating the thyroid (L) and no CD4+ T cells (J) compared
to CD4+ IFN-y—/— mice that have both CD4+ and CD8+ T cells in
thyroids (I, K). CD4+ IFN-y—/— mice and CD4—/—IFNy—/— mice have
comparable numbers of CD11b+ (M, N) and CD11c+ (O, P) cells
infiltrating their thyroids. H & E staining, A-D; Trichrome staining, E-H;
IHC staining, I-P; Magnification: A-D, G-P, 400x; E, F, 100x. Results are
representative of at least six different mice of each stain.

might facilitate activation of CD8+ T cells in CD4—/—
mice [20-22], resulting in a greater incidence of severe TEC
H/P. To test this hypothesis, CD4—/— mice were given Nal
water. Some mice were given a single injection of anti-CD40

S. Yu et al.
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Figure 2. Splenocytes from CD4—/—IFNy—/— donors with severe TEC H/
P are deficient in their ability to transfer severe TEC H/P to SCID recipients.
Splenocytes from CD4—/—IFNy—/— and CD4+ IFN-y—/— donors with
severe (4-5+) TEC H/P were cultured for 72 h as described in Materials
and Methods Section and transferred to SCID recipients. Thyroids were
removed 28 or 60 days later to determine TEC H/P severity. Each symbol
represents an individual mouse with the indicated TEC H/P severity score.
Splenocytes from CD4—/—IFN-y—/— donors transfer less severe TEC H/P
compared to IFN-y—/— CD4+ donors at both day 28 (P<0.01) and
day 60 (P<0.05). The results are combined from three separate
experiments and are representative of six experiments. For the CD4—/—
group with severity scores of 0 at day 28, n = 26, severity score of 0 at day
60, n=15 and for 5+ severity at day 60, n=11. The numbers of mice in
the other groups are evident from the X's.

or isotype control 4-6 months later, and thyroids and
spleens were removed 1-2 months later. Most (29 of 35)
CD4—/— donors given anti-CD40 develop severe TEC H/P,
whereas only 7 of 24 (30%) mice given isotype control
developed severe TEC H/P (Fig. 3A). In addition to the
increased incidence of severe TEC H/P, most mice had severe
thyrocyte proliferation 4-7 days after injection of anti-CD40
(Fig. 3B). Indeed, nearly all CD4—/— mice given anti-CD40
had severe thyrocyte proliferation that developed quickly

18 © 2013 The Authors. Immunity, Inflammation and Disease Published by John Wiley and Sons Ltd.
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Table 2. Culturing splenocytes from CD4—/— mice in the presence of rlL-2 or anti-CD40 has no effect on their ability to transfer TEC H/P to SCID
recipients.

Mice' Culture 0 1+ 2+ 3+ 4+ 5+

TEC H/P severity?

CD4—/— MTg 7 0 0 0 2 0
CD4—/— MTg + IL-2 9 0 0 0 1 0
CD4—/— MTg 6 0 0 0 0 0
CD4—/— MTg + «CD40 6 1 0 1 0 0

'CD4—/—IFNy—/— NOD.H-2h4 mice were given Nal in their drinking water for 7-8 months. Splenocytes from donors with severe TEC H/P (4-5+ based on
histology) were cultured with MTg alone or with MTg and 10 ng/mL IL-2 (line 2) or 10 wg/mL anti-CD40 (line 4). Cells were harvested and transferred i.v.
(3 x 10%recipient) to SCID recipients (see Materials and Methods Section).

2Numbers of mice with the indicated TEC H/P severity scores 28 days after cell transfer.

and persisted for several months after a single injection of CD4—/— mice given anti-CD40 had severe TEC H/P with
anti-CD40 (Fig. 3B). Consistent with our earlier results, mice infiltration of thyroids by CD8+ T cells, CD11b+ cells and
given isotype control did not develop TEC H/P (Fig. 3B) CD11c+ cells, and no detectable CD4+ T cells (Fig. 5A, C, E,
unless they were given Nal water for >6 months as in G and I). Histologically, these thyroids were indistinguish-
Figure 3A. These results indicate that agonistic anti-CD40 able from those of CD4—/— mice that develop severe TEC
provides a signal that results in activation of CD8+ T cells in H/P without injection of anti-CD40 (Fig. 1). TEC H/P in
CD4—/— mice so that a high incidence of severe TEC H/P SCID recipients of splenocytes from CD4—/— mice given
develops in the absence of CD4+ T cells. Importantly, most ~ anti-CD40 was indistinguishable histologically from that of
mice given agonistic anti-CD40 had low serum T4 levels, the CD4—/— donors (Fig. 5B, D, F, H and J), indicating that
that is, they were clinically hypothyroid (Fig. 3C). Serum T4 severe TEC H/P can develop in recipients that lack CD4 cells.
levels always correlated with TEC H/P severity scores. Al Thyroids of SCID recipients of splenocytes from CD4—/—
mice with 5+ severity scores or 4+ severity scores with few  donors given anti-CD40 had severe fibrosis 60 days after cell
normal thyroid follicles had low serum T4 levels, while those ~  transfer comparable to that in donors (Fig. 5K-N).

with significant numbers of residual normal thyroid follicles
(including most with 4+ severity scores) had normal serum

T4 levels (Fig, 3C). Agonistic anti-CD40 induces changes in splenic

APC and splenic CD8+ T cells

Since anti-CD40 is thought to promote activation of CD8+
T cells primarily by activating APC, it was important to
determine the effects of anti-CD40 on splenic APC and T
To determine if anti-CD40 promoted activation of CD8+T cells in CD4—/— IFN-y—/— NOD.H-2h4 mice. Anti-CD40
cells able to transfer severe TEC H/P to SCID recipients, induced early increases in both the percentages and numbers
splenocytes from CD4—/— donors given anti-CD40 were of splenic B cells and CD1lc+ cells (Fig. 6), and both
cultured as described in Materials and Methods Section and populations of APC expressed higher levels of B7.1
transferred to SCID recipients. Recipients were given Nal compared to B cells and CD11c+ cells of mice given isotype
water, and thyroids were removed 28 or 60 days later (Fig. 4). control (Fig. 6). Spleens of mice given anti-CD40 had nearly
Splenocytes from donors given anti-CD40 transferred severe ~ twice as many cells compared to mice given isotype control
TEC H/P to 18 of 25 (72%) SCID recipients after 28 days, 3-7 days after injection of anti-CD40, but by day10-14, mice
and 60 days after cell transfer, 23 of 24 (96%) recipients had given anti-CD40 had 20-30% more spleen cells than mice
severe TEC H/P (Fig. 4). These results are in contrast to those given isotype control (data not shown and Fig. 6 legend).
in Figure 2 where splenocytes from donors that were not =~ NKG2D expression increases on CD8+ T cells after
given anti-CD40 did not transfer severe TEC H/P to the activation [24]. NKG2D is higher on CD8+ T cells of
majority of recipients even though both groups of donors mice with TEC H/P compared to CD8+ T cells in naive mice
had comparable 4-5+ TEC H/P severity scores. All mice (unpublished results), and NKG2D expression on CD8+ T
with 5+ severity scores at day 28 or day 60 and most with 4+ cells increased following injection of anti-CD40 (Fig. 6).

Splenocytes from CD4—/— mice given anti-CD40
transfer severe TEC H/P to SCID recipients

severity scores at day 60 had low serum T4, whereas most Increased percentages and numbers of splenic APC were
mice with 44 severity scores at day 28 and all mice with ~ most evident 3-5 days following anti-CD40, whereas
severity scores of <4 had normal serum T4 (data not shown). increases in activated T cells were not evident until day 10
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or later (data not shown). These results suggest that agonistic
anti-CD40 promotes activation of T cells able to transfer
severe TEC H/P to SCID recipients, at least in part, through
its ability to activate APC which then promote activation of
CD8+ T cells able to transfer severe TEC H/P.

Taken together, these results indicate that CD8+T cells
can be activated to induce severe TEC H/P in the absence of
CD4+ T cell help, but administration of agonistic anti-CD40
leads to much earlier development and a greater incidence of
severe TEC H/P. T cells from CD4—/— mice given agonistic
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Figure 3. Continued.
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anti-CD40 are more activated, since they can transfer severe
TEC H/P to SCID recipients with a much higher efficiency
compared to T cells from CD4—/— mice given isotype
control.

Discussion

CD4+ T cells play an important role in activation of CD8+
effector cells for immune responses against tumours and
viruses, and also in autoimmune inflammation. In particu-
lar, CD4+ T cells are important to optimally activate CD8+
memory T cells to become effector cells [11-13, 15, 20-22].
In this study, CD4—/— and CD8—/— mice were developed
to determine if CD4+ T cells were required for initial
activation of CD8+ T cells, the major effectors for severe
TEC H/P [10]. The results showed that CD4—/— mice
develop TEC H/P comparable in severity to that of IFN-y—/
— mice but with a greatly reduced incidence, whereas CD8—/
— mice are resistant to development of TEC H/P. Therefore,
CD4+ T cells are not absolutely required for initial
activation of the CD8+ T cells that induce severe TEC H/
P, but the incidence of TEC H/P is much greater when CD4+
T cells are available. Moreover, the ability of splenocytes to
transfer severe TEC H/P to SCID recipients was greatly
compromised in the absence of CD4+ T cells (Fig. 2),
suggesting that a signal provided by CD4+ T cells is
important for activating CD8+ T cells that can transfer
severe TEC H/P to SCID recipients.

«
Figure 3. Agonistic anti-CD40 promotes earlier development and a
greater incidence of severe TEC H/P in CD4—/— IFN-y—/— NOD.H-2h4
mice. (A) CD4—/— IFNy—/— donor mice, 7-8 weeks old, were given Nal in
their drinking water for 6-8 months. Mice were given 200 g anti-CD40
or isotype control 4—6 months later and TEC H/P severity scores were
determined 4-8 weeks later (after 5-8 months on Nal water). (8) CD4—/—
IFN-y—/— NOD.H-2h4 mice were given 200 g anti-CD40 or isotype
control, on the same day they were given Nal in their drinking water.
Thyroids were removed at the indicated times to determine TEC H/P
severity. TEC H/P severity scores were significantly higher in all groups
given anti-CD40 compared to those given isotype control. In A, 7 of 24
(28%) mice given isotype control and Nal water for >6 months had severe
TEC H/P compared to 32 of 38 (>80%) age matched mice given anti-
CD40 (P<0.01). The group with 5+ severity scores after anti-CD40
consists of 24 mice. In B, none of the mice given isotype control had severe
thyrocyte proliferation after 2-3 months on Nal water, while almost all
mice had severe thyrocyte proliferation 7 days after injection of anti-CD40
(P<0.01). (C) CD4—/— mice given agonistic anti-CD40 have low serum
T4 when they have very severe TEC H/P. Each symbol represents the serum
T4 level of an individual mouse. All mice with low serum T4 (<3 pg/dL as
indicated by the line) had very severe 4-5+ TEC H/P, whereas mice with
lower TEC H/P severity scores, including those scored 4+ but with
significant remaining normal follicles, had normal serum T4. Mice in C
include some, but not all, of the mice in B. Results shown in B are pooled
from three different experiments and those in A are from seven different
experiments.
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Figure 4. Splenocytes from CD4—/— IFNy—/— mice given agonistic anti-
CD40 transfer severe TEC H/P to SCID recipients. Splenocytes from CD4—/
— IFNy—/— donors with 4-5+ TEC H/P severity scores given anti-CD40 as
in Figure 3A were cultured as described in Materials and Methods Section
and transferred to SCID recipients. Thyroids were removed 28 or 60 days
later to determine TEC H/P severity. Most recipient mice developed severe
(4-5+) TEC H/P 28 or 60 days later, in contrast to recipients of splenocytes
from age-matched CD4—/— IFNy—/— donors not given anti-CD40 shown
in Figure 2. Results are pooled from three separate experiments and are
representative of at least five experiments.

CD4+ T cells provide help to both B cells and CD8+ T
cells [25-27]. CD4+ T cells generally provide help to CD8+
T cells indirectly through their ability to activate APCs, for
example, via CD40L/CD40 interactions [15, 20, 27-33].
CD40 is a TNF receptor family member expressed on APC,
such as B cells, macrophages, and dendritic cells, as well as
some T cells [34, 35] and non-immune cells [29, 30]. In the
absence of CD4+ T cells, activation of CD8+ T cells by
weakly immunogenic antigens or some autoantigens results
in tolerance and/or ineffective development of memory
cells [29, 36]. The function of CD4+ T cells can sometimes
be replaced by agonistic anti-CD40 which can promote CD8
T cell responses by activating APC [15, 30-33], thereby
promoting development of CD8+ memory and preventing
induction of tolerance [30, 36-39]. In this study, the
incidence of severe TEC H/P in CD4—/— mice was greatly
increased when mice were given agonistic anti-CD40
(Fig. 3). In addition, most mice had severe thyrocyte
proliferation 7-10 days after injection of anti-CD40 (Fig. 3)
compared to only 30% in IFN-y—/— CD4—/— donors given
Nal water for 7 months (Table 1). T cells of CD4—/— mice
given anti-CD40 also had a greatly improved ability to
transfer severe TEC H/P to SCID recipients (Fig. 4). Because
splenocytes from CD4—/— mice not given agonistic anti-
CD40 did not effectively transfer severe TEC H/P to SCID
mice (Fig. 2), T cells that develop following prolonged (>6
months) chronic stimulation in donor mice were apparently
not fully activated in the absence of CD4+ T cells. Agonistic
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Figure 5. Inflammatory cells in thyroids of CD4—/— IFNy—/— donors
given anti-CD40 and SCID recipients of splenocytes from CD4—/— IFNy—/
— donors given anti-CD40. CD4—/— IFN-y—/— mice were given anti-
CD40 or isotype control as in Figure 3A. Splenocytes from donors with
severe TEC H/P were cultured and transferred to SCID recipients, and
thyroids were removed 28 (A-J) or 60 (K-N) days later. Both donor (A, C, E,
G, 1) and recipient mice (B, D, F, H, J) have similar inflammatory cell
infiltration of thyroids. There were no CD4+ T cells (A, B), and many
CD8+ T cells (C, D) in thyroids. CD11b+ (E-H), and CD11c+ cells (I, J)
were also detected in both donor and recipient thyroids. Thyroids of SCID
recipients of donor CD4—/— IFNy—/— mice given anti-CD40 have severe
fibrosis 60 days after cell transfer (L, N) comparable to the CD4—/— IFNy—/
— donors (K, M). Magnification: A-D, G-J, M, N, 400x; E, F, K, L, 100x.
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Figure 6. CD19+ B cells and CD11c+ cells are increased in spleens of CD4—/— mice given anti-CD40, and both cell populations have increased
expression of CD80. CD8+ T cells in mice given anti-CD40 have increased expression of NKG2D. CD4—/— mice were given anti-CD40 (200 w.g) or isotype
control. Splenocytes were obtained 4 (A-F) and 10 (G-J) days later, and analysed by flow cytometry. Shown are representative flow cytometry results.
Compared to mice given isotype control, B cells and CD11c+ cells in mice given anti-CD40 had increased expression of CD80 (B vs. A, D vs. C) at day 4 and
increased expression of NKG2D on CD8 T cells at day 10 (J vs. I). Anti-CD40 had no effect on CD40 expression of CD8+ T cells compared to isotype control
(G-J). Note that the percentage of CD8+ T cells is reduced in spleens of mice given anti-CD40 due to the increased percentage of B cells and increased
numbers of spleen cells. Results are representative of 6-8 mice at each time point. The spleens from the mice used for analysis of B cells and CD11c+ cells
4 days after injection of anti-CD40 had 8.8 x 107 cells (isotype control) versus 17.7 x 10 cells (anti-CD40). For analysis of T cells 10 days after injection, the
control mouse had 9.2 x 107 cells/spleen while the anti-CD40 treated mouse had 12.8 x 107 cells per spleen.
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anti-CD40 provided a signal that activated these cells
sufficiently so they could transfer TEC H/P to SCID
recipients (Fig. 4). It is likely at least one important signal
provided by agonistic anti-CD40 is to cross-link CD40,
resulting in expansion and activation of splenic APC
including B cells and CDIllc+ cells with increased
expression of costimulatory molecules such as B7.1
(Fig. 6). The activated APC promoted more -effective
activation of CD8+ T cells, as evidenced by their increased
expression of NKG2D (Fig. 6). These results are consistent
with other recent studies in which CD8+ memory cells
activated during chronic infections or by persistent antigen
in the absence of CD4 help (helpless CD8 cells) required help
from CD4+ T cells or a signal provided by anti-CD40 or
CD40L in order to be reactivated to become effector
cells [12-15, 32].

In addition to the ability of anti-CD40 to induce
activation of APC and promote activation of T cells able
to induce severe TEC H/P in CD4—/— mice, anti-CD40
directly targets thyroid epithelial cells (TEC) of NOD and
NOD.H-2h4 mice, leading to greatly increased expression of
CD40, extensive thyrocyte proliferation, and production of
proinflammatory cytokines in the thyroid [40]. The direct
targeting of TEC by anti-CD40 is likely to be a major
mechanism for the increased incidence of severe thyrocyte
proliferation seen early after injection of anti-CD40 as shown
in Fig. 3B. However, the ability of agonistic anti-CD40 to
promote activation of splenocytes that transfer severe TEC
H/P is not likely to be explained by direct effects of anti-
CD40 on TEC, and is therefore more likely to be due to the
ability of anti-CD40 to promote activation of splenic APCs
and CD8 cells (Fig. 6). However, the anti-CD40 induced
activation of splenic T cells that can transfer severe TEC H/P
could be indirectly influenced by the effects of anti-CD40 on
thyrocytes, since anti-CD40 interacts with CD40 on
thyrocytes and promotes proliferation resulting in thyrocyte
damage and loss of colloid in thyroid follicles [40]. Our
working hypothesis is that anti-CD40 damages the thyroid,
resulting in release of a thyroid antigen that can then be
presented by anti-CD40-activated APC to activate CD8+ T
cells in peripheral lymphoid organs. Experiments are
currently in progress to address this important question.

The results of this study provide evidence for the
importance of CD4+ T cells for activation of CD8+ T cells
that function as effector cells for a chronic autoimmune
disease of the thyroid, and show that a signal usually
provided by CD4+ T cells can be provided by agonistic anti-
CD40 when CD4+ T cells are absent. Therefore, blocking
CD40-CD40L interactions could provide a means to treat
autoimmune diseases involving CD8+ T cell-mediated
epithelial cell hyperplasia and fibrosis in the thyroid as well as
other tissues or organs [16, 39, 41, 42]. Our results also
suggest that agonistic anti-CD40 antibodies should be used

Promoting thyroid epithelial cell hyperplasia

with caution, since they can promote autoimmunity,
particularly if a target organ such as the thyroid expresses
CDA40 [43, 44].

Acknowledgments

This study was supported by a VA Merit Review grant, by
NIH 1R56AI 074857 and 1R01 A1074857 (to H.B.M.). S.Y. is
supported by Arkansas Biosciences Institute new faculty
start-up package. S.Y., E.D., and H.B.M. performed the
experiments, HBM and SY designed the study, analysed the
data and wrote the paper. The authors thank Tim Treloar for
excellent technical assistance and James Cole for assistance
with some of the figures.

Conflict of Interest

None declared.

References

1. Yu, S., G. C. Sharp, and H. Braley-Mullen. 2002. Dual roles
for IEN-vy, but not for IL-4, in spontaneous autoimmune
thyroiditis in NOD.H-2h4 mice. J. Immunol. 169:3999-4007.

2. Yu, S., G. C. Sharp, and H. Braley-Mullen. 2006. Thyrocyte
hyperplasia in IFN-vy-deficient NOD. H-2h4 mice. Clin.
Immunol. 118:92-100.

3. DeMay, R. 2000. Follicular lesions of the thyroid: w(h)ither
follicular carcinoma? Am. J. Clin. Pathol. 114:681-683.

4. Derwahl, M., and H. Studer. 2002. Hyperplasia versus
adenoma in endocrine tissues: are they different? Trends
Endocrinol. Metab. 13:23-28.

5. Baloch, Z., and V. A. LiVolsi. 2002. Follicular-patterned
lesions of the thyroid: the bane of the pathologist. Am. J. Clin.
Pathol. 117:143-150.

6. Singh, R. R. 2005. SLE: translating lessons from model
systems to human disease. Trends Immunol. 26:572-579.

7. Gabrielli, A., E. V. Avvedmento, and T. Krieg. 2009.
Mechanism of diseases: scleroderma. New Engl. J. Med.
360:1989-2003.

8. Asa, S. L. 2004. My approach to oncocytic tumours of the
thyroid. J. Clin. Pathol. 57:225-232.

9. DeMay, R. M. 2000. Follicular lesions of the thyroid. W(h)
ither follicular carcinoma? Am. J. Clin. Pathol. 114:681-683.

10. Yu, S., Y. Fang, T. Sharav, G. C. Sharp, and H. Braley-Mullen.
2011. CD8+ T cells induce thyroid epithelial cell hyperplasia
and fibrosis. J. Immunol. 186:2655-2662.

11. West, E. E., B. Youngblood, W. G. Tan, et al. Tight regulation
of memory CD8+ T cells limits their effectiveness during
sustained high viral load. Immunity 2011;35:285-298.

12. Belz, G. T., D. Wodarz, G. Diaz, and P. C. Doherty. 2002.
Compromised influenza virus-specific CD8+ T cell memory
in CD4+ T cell-deficient mice. J. Virol. 76:12388-12393.

© 2013 The Authors. Immunity, Inflammation and Disease Published by John Wiley and Sons Ltd. 23



Promoting thyroid epithelial cell hyperplasia

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

24

Janssen, E. M., E. E. Lemmens, T. Wolfe, U. Christen, M. G.
von Herrath, and S. P. Schoenberger. 2003. CD4+ T cells are
required for secondary expansion and memory in CD8" T
lymphocytes. Nature 421:852-865.

Blachere, N. E., H. K. Morris, D. Braun, H. Saklani, J. Di
Santo, R. B. Darnell, and M. L. Albert. 2006. IL-2 is required
for the activation of memory CD8+ T cells via antigen cross-
presentation. J. Immunol. 176:7288-7300.

J. Wang, and P.
Santamaria. 2011. Development of memory-like autoregula-
tory CD8+ T cells is CD4+ T cell dependent. J. Immunol.
187:2859-2866.

Yang, G., Y. Wu, H. Tsukamoto, et al. 2011. CD8 T cells
mediate direct biliary ductile damage in nonobese diabetic

Shameli, A., X. Clementle-Casares,

autoimmune biliary disease. J. Immunol. 186:1259-1267.
Chen, K., Y. Wei, G. C. Sharp, and H. Braley-Mullen. 2007.
Decreasing TNF-a results in less fibrosis and earlier
resolution of granulomatous experimental autoimmune
thyroidtis. J. Leuk. Biol. 81:306-314.

Fang, Y., S. Yu, and H. Braley-Mullen. 2012. TGF-3 promotes
proliferation of thyroid epithelial cells in IFN-y—/— mice by
down-regulation of p21 and p27 via AKT pathway. Am. J.
Pathol. 180:650-660.

Yu, S., G. C. Sharp, and H. Braley-Mullen. 2008. TGF-B
promotes thyroid epithelial cell hyperplasia and fibrosis in
IFN-vy deficient NOD.H-2h4 mice. J. Immunol. 181:2238—
2245.

Sarawar, S. R., B. ]. Lee, S. K. Reiter, and S. P. Schoenberger.
2001. Stimulation via CD40 can substitute for CD4 T cell
function in preventing reactivation of latent hypervirus. Proc.
Nat. Acad. Sci. USA. 98:6325-6329.

Hernandez, M., L. Shen, and K. L. Rock. 2007. CD40-CD40
ligand interaction between dendritic cells and CD8+ T cells is
needed to stimulate maximal T cell responses in the absence
of CD4+ T cell help. J. Immunol. 178:2844-2852.

French, R. R., H. T. Chan, A. L. Tutt, and M. J. Glennie. 1999.
CD40 antibody evokes a cytotoxic T-cell response that eradi-
cateslymphomaandbypasses T-cell help. Nat. Med. 5:548-553.
Ridge, J. P, F. D. Rosa, and P. A. Matzinger. 1998.
Conditioned dendritic cell can be a bridge between a
CD4+ T-helper and T-killer cell. Nature 393:474-478.
Zafirova, B., F. M. Wensveen, M. Gulin, and B. Polic. 2011.
Regulation of immune cell function and differentiation by the
NKG2D receptor. Cell. Mol. Life Sci. 68:3519-3529.

Zhu, J., Y. Hidehiro, and P. E. William. 2010. Differentiation
of effector CD4 T cell populations. Ann. Rev. Immunol.
28:445-489.

Bevan, M. J. 2004. Helping the CD8+ T-cell response. Nat.
Rev. Immunol. 4:595-602.

Williams, M. A. and M. J. Bevan. 2007. Effector and memory
CTL differentiation. Ann. Rev. Immunol. 25:171-192.
Johnson, S., Y. Zhan, R. M. Sutherland, et al. 2009. Selected
Toll-like receptor ligands and viruses promote helper-

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

S. Yu et al.

independent cytotoxic T cell priming by upregulating
CD40L on dendritic cells. Immunity 30:218-227.

Grewal, I. S. and R. A. Flavell. 1998. CD40 and CD154 in cell-
mediated immunity. Ann. Rev. Immunol. 16:111-135.
Elgueta, R., M. J. Benson, V. C. deVries, A. Wasiuk, Y. Guo,
and R. J. Noelle. 2009. Molecular mechanism and function of
CD40/CD40L engagement in the immune system. Immunol.
Rev. 229:152-172.

Uhlig, H. H. B. S. McKenzle, S. Hue, et al. 2006. Differential
activity of IL-12 and IL-23 in mucosal and systemic innate
immune pathology. Immunity 25:309-318.

Lode, H. N,, R. Xiang, U. Pert, E. Forster, S. P. Schoenberger,
S. D. Gillies, and R. A. Reisfeld. 2000. Melanoma immuno-
therapy by targeted IL-2 depends on CD4+ T-cell help
mediated by CD40/CD40L interaction. J. Clin. Invest.
105:1623-1630.

Mehling, A., K. Loser, G. Varga, D. Metze, T. A. Luger, T.
Schwartz, S. Grabbe, and S. Beissert. 2001. Overexpression of
CD40 ligand in murine epidermis results in chronic skin
inflammation and systemic autoimmunity. J. Exp. Med.
194:615-628.

Baker, R. L. T. Mallevaey, L. Gapin, and K. Haskins. 2012. T
cells interact with T cells via CD40-CD154 to promote
autoimmunity in type 1 diabetes. Eur. J. Immunol. 42:672—
680.

Carter, J., G. M. Vaitaitis, D. M. Waid, and D. H. Wagner. Jr.
2012. CD40 engagement of CD4+ CD40+ T cells in a neo-self
antigen disease model ablates CTLA-4 expression and
indirectly impacts tolerance. Eur. J. Immunol. 42:424-435.
Khanolkar, A., M. ]. Fuller, and A. J. Zajac. 2004. CD4 T cell-
dependent CD8 T cell maturation. J. Immunol. 172:2834—
2844.

Koschella, M., D. Voehringer, and H. Pircher. 2004. CD40
ligation in vivo induces bystander proliferation of memory
phenotype CD8 T cells. J. Immunol. 172:4804-4811.
Amrani, A., P. Serra, J. Yamanouchi, B. Han, S. Thiessen, J.
Verdaguer, and P. Santamaria. 2002. CD154-dependent
priming of diabetogenic CD4+ T cells dissociated from
activation of antigen-presenting cells. Immunity 16:719—
732.

Liblau, R. S., F. S. Wong, L. T. Mars, and P. Santamaria. 2002.
Autoreactive CD8T cells in organ-specific autoimmunity:
emerging targets for therapeutic intervention. Immunity
17:1-6.

Kayes, T. Y. Fang, S. Yu, E. Downey, S. Wang, and H. Braley-
Mullen. 2013. Agonistic anti-CD40 induces thyrocyte
proliferation and promotes thyroid autoimmunity by
increasing CD40 expression on thyroid epithelial cells. J.
Immunol. 190:3928-3938.

Huseby, E. S., D. Liggitt, T. Brabb, B. Schnabel, C. Ohlen, and
J. A. Goverman. 2001. A pathogenic role for myelin-specific
CD8 (+) T cells in a model for multiple sclerosis. J. Exp. Med.
194:669—-676.

© 2013 The Authors. Immunity, Inflammation and Disease Published by John Wiley and Sons Ltd.



S.Yuetal. Promoting thyroid epithelial cell hyperplasia

42. Corse, E., R. A. Gottschalk, J. S. Park, M. A. Sepulveda, P. leads to severe immunopathology. J. Immunol. 168:5124—
Loke, T. J. Sullivan, L. A. Johnson, and J. P. Allison. 2013. 5129.
Chronic inflammatory liver disease in mice expressing a 44, Huber, A. K., F. D. Finkelman, C. W. Li, et al. 2012.
CD28-specific ligand. J. Immunol. 190:526-530. Genetically driven target tissue overexpression of CD40: a
43. Roth, E., F. Schwartzkopff, and H. Pircher. 2002. novel mechanism in autoimmune disease. J. Immunol.
CD40 ligation in the presence of self-reactive CD8 T cells 189:3043-3053.

© 2013 The Authors. Immunity, Inflammation and Disease Published by John Wiley and Sons Ltd. 25



