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Autoimmune hypophysitis (AH) is a rare but increasingly rec-
ognized disease of the pituitary gland. Its autoantigens are
unknown, and the management is difficult because it is often
misdiagnosed as a nonsecreting adenoma. By immunizing fe-
male SJL/J mice with mouse pituitary extracts, we estab-
lished a new mouse model of experimental AH. Immunized
mice developed severe lymphocytic infiltration in the ante-
rior pituitary that closely mimicked the human pathology. In
the early phase of experimental AH, the pituitary enlarged,
consistent with the compression symptoms reported by hy-
pophysitis patients at presentation. In the florid phase, adre-

nal insufficiency and pituitary antibodies developed, in
strong correlation with the pituitary pathology. In the late
phase, hypothyroidism ensued, and the pituitary gland be-
came atrophic. Using immune sera as probes in a two-dimen-
sional immunoblotting screen followed by mass spectrometry,
we identified several proteins that could function as pituitary
autoantigens. These findings provide new insights into the
pathogenesis of AH, and establish a platform for developing
novel diagnostic biomarkers and therapeutics. (Endocrinol-
ogy 149: 3461–3469, 2008)

AUTOIMMUNE hypophysitis (AH), also known as lym-
phocytic hypophysitis, is an increasingly recognized

disease of the pituitary gland (1) that belongs to the group of
nonhormone-secreting pituitary masses (2). AH affects more
commonly women, often in association with pregnancy, and
typically presents with two types of symptoms: those due to
compression of the structures surrounding the pituitary,
such as headache (meninges), visual-field defect (optic chi-
asm), and diplopia (oculomotor nerves); and those of hy-
popituitarism (3). However, these symptoms are not specific
for AH but typical of all pituitary masses, such as the more
common pituitary adenoma. Even cranial magnetic reso-
nance imaging cannot distinguish with certainty AH from
the other nonsecreting pituitary masses (1). The distinction
is critical for the affected patients because AH can often be
managed with medical therapy, whereas the other pituitary
masses typically require surgical resection. Unfortunately,
many AH patients are still misdiagnosed and undergo un-
necessary transsphenoidal surgery (4).

AH incidence is likely underestimated because compres-
sion symptoms may be mild and hypopituitarism subclini-
cal. A surprisingly high incidence of AH has been recently

reported in patients with melanoma (5) or renal cell cancer
(6) who received cytotoxic T-lymphocyte-associated anti-
gen-4 blockade. For example, 5% of patients with advanced
melanoma treated with a vaccine for the gp100 melanoma-
associated antigen and an antibody to block cytotoxic T-
lymphocyte-associated antigen-4 developed AH. AH has
also been reported in hepatitis patients treated with inter-
feron � (7, 8), suggesting that it might occur (albeit unno-
ticed) in settings aimed to boost immune responsiveness.

AH antigen(s) has remained unknown, despite the fact
that the disease was first reported in 1962. Five candidates
have been proposed [GH (9), �-enolase (10), pituitary gland
specific factors 1 and 2 (11), and secretogranin 2 (12)], but
they have not been validated in human or animal studies.
This uncertainty has hampered the development of antibody
based clinical tests that could be used in the differential
diagnosis of pituitary masses.

In addition, a mouse model that faithfully replicates the
pathology of human AH has not been developed. In 1981,
Onodera et al. (13) infected SJL mice with reovirus type 1, and
noted diabetes, gastritis, and growth retardation. They
showed viral particles within GH-producing cells and anti-
bodies against anterior pituitary cells that could be preab-
sorbed with rat GH. They also described areas of coagulative
necrosis and mononuclear cell infiltration in the anterior
pituitary, although the pituitary gland appears normal (no
architectural disruption or infiltration) in the immunofluo-
rescence image used to show antibody reactivity. In 2002, de
Jersey et al. (14) created transgenic mice that expressed spe-
cifically in GH-producing cells the nucleoprotein of influ-
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enza A virus (strain A/NT/60/1968). This protein contains
an epitope (366–374) recognized by CD8 T cells in a H-2Db-
restricted fashion. When the authors’ transgenic mice were
crossed to T-cell receptor transgenics specific for the influ-
enza nucleoprotein epitope, the double transgenics devel-
oped marked growth retardation. Pituitary histology
showed numerous apoptotic bodies and destruction of the
GH-producing cells, with scattered infiltrates of CD8 T cells
in the anterior pituitary, not reminiscent, however, of the
pathology seen in human AH.

This paper reports the first mouse model that closely mim-
ics human AH, and its use in elucidating disease pathogen-
esis and discovering pituitary autoantigen(s).

Materials and Methods
Mice

The study was performed in three stages and used a total of 514 mice:
462 immunized, 47 nonimmunized, and five recipients of adoptively
transferred splenocytes. Of the 462 immunized mice, 367 received pro-
teins extracted from mouse pituitary glands emulsified in complete
Freund’s adjuvant (CFA), 49 proteins from mouse pituitary cell lines in
CFA, 20 recombinant prohormone convertase 2 (PC2) in CFA, 15 control
placental proteins in CFA, and 11 just CFA.

The first stage of the study used 146 mice and was designed to identify
the mouse strain(s) susceptible to experimental autoimmune hypophy-
sitis (EAH), in view of the known effects of the major histocompatibility
complex and sex on autoimmune diseases. Six inbred strains, all pur-
chased from the Jackson Laboratory (Bar Harbor, ME) and first used
when 7–8 wk old, were studied: A/J (H-2a, 15 females and 15 males);
Balb/cJ (H-2d, 15 females and 10 males); C57BL/6J (H-2b, 15 females and
15 males); CBA/J (H-2k, 15 females and 10 males); FVB/NJ (H-2q,10
females); and SJL/J (H-2s, 17 females and nine males).

The second stage used 344 SJL/J female mice and was designed to
select the optimal immunogen dose, characterize the pituitary infiltrate
by flow cytometry, demonstrate the transmissibility of disease upon
splenocyte transfer, and define the evolution of EAH based on pituitary
histopathology, antibodies, and function.

The third stage used 24 SJL/J female mice and tested recombinant
PC2, a candidate pituitary autoantigen discovered in the second stage
for its ability to induce EAH.

All experiments were conducted in accordance with the standards
established by the U.S. Animal Welfare Acts, set forth in the National
Institutes of Health guidelines and Policy and Procedures Manual of the
Johns Hopkins University Animal Care and Use Committee.

Immunogens

Whole pituitary glands were collected from mice of mixed strains and
sexes made available by the Johns Hopkins animal care facility, and
stored at �80 C until use. Glands were disrupted with a Polytron
homogenizer in PBS (pH 7.4), supplemented with protease inhibitors
(Roche Applied Sciences, Indianapolis, IN) to prepare the pituitary
whole extract. For each protein extraction, we used about 400 pituitary
glands (�780 mg total weight) in 4 ml PBS that yielded around 100-mg
proteins. The pituitary whole extract was quantified by a bicinchoninic
acid assay (Pierce, Rockford, IL), adjusted to 20 mg/ml, and used di-
rectly for immunization or further fractionated. In the latter case, the
pituitary whole extract was centrifuged at low speed (1,000 � g for 10
min at 4 C) to pellet the nuclear fraction, and then at high speed
(100,000 � g for 1 h at 4 C) to separate membranes from cytosol. The
cytosolic fraction (corresponding to the supernatant) was adjusted to 2,
6, 8, or 10 mg/ml, and used for immunization. The membrane fraction
(the ultracentrifugation pellet) was washed and resuspended in PBS/
protease inhibitors at 6 or 8 mg/ml.

Mouse pituitary cell lines were �T1–1 (a precursor of gonadotrophs
and thyrotrophs expressing the common �-subunit, n � 5 mice), �T3–1
(an immature gonadotroph cell line, n � 5 mice), T�T-1 (a thyrotroph
cell line, n � 5 mice), L�T2 (a gonadotroph cell line, n � 5 mice),
GHFT5–1 (a precursor of somatotrophs and lactotrophs, n � 5 mice), and

AtT-20 (a corticotroph cell line, n � 24 mice). With the exception of
AtT-20, which was purchased from the American Type Culture Collec-
tion (Manassas, VA), all of the other cell lines were a kind gift of Dr.
Pamela Mellon (University of California San Diego, San Diego, CA).
Cells were cultured in the recommended medium, harvested, and son-
icated to prepare a total lysate. Cell line proteins were quantified and
adjusted to 20 mg/ml.

Mouse recombinant PC2 produced in Chinese hamster ovary cells
(15) was kindly provided by Dr. Iris Lindberg (University of Maryland,
Baltimore, Baltimore, MD) for the initial immunizations and used at a
concentration of 1 mg/ml. PC2 was also produced in our laboratory via
a bacterial expression system, and used at a concentration of 1, 2, or 6
mg/ml. See supplemental Fig. 3, which is published on The Endocrine
Society’s Journals Online web site at http://endo.endojournals.org, and
supplemental information for details of cloning, production, and
purification.

EAH induction protocols

All proteins were emulsified 1:1 in CFA (which contained 5 mg/ml
heat-killed Mycobacterium tuberculosis, strain H37a, from BD Diagnostic
Systems, Sparks, MD), and injected sc on d 0 in a volume of 100 �l (50
�l in the dorsal hind leg region and 50 �l in the contralateral inguinal
region). Protein emulsions were injected again on d 7 in the opposite
sites. Mice were killed most commonly 28 d after the first immunization,
but also on d 10, 14, 21, 28, 35, 56, 84, 112, 140, 252, or 370.

Adoptive transfer of T lymphocytes

To prove that EAH is a cell-mediated autoimmune disease, single-cell
suspensions were prepared from the spleens of four SJL/J mice killed
28 d after immunization with pituitary whole extract. Lymphocytes were
cultured and expanded in 75-cm3 flasks in RPMI-10 medium, containing
200 �g/ml mouse pituitary proteins. After 7 d, the nonadherent cells
(mainly T lymphocytes) were collected, washed, and resuspended in
sterile saline at a concentration of 2 � 108 cells per ml. T lymphocytes
were injected into five naive female SJL/J mice via the tail vein (of 2 �
107 cells per mouse). Two weeks after the adoptive transfer, recipients
were killed to collect pituitary, thyroid, and pancreas for histopathology.

Pituitary histopathology

To assess the presence and extent of mononuclear infiltration within
the pituitary, glands from all 462 mice (the 514 total minus the 52 mice
used for pituitary flow cytometry and, thus, without histopathology)
were dissected, fixed overnight in Beckstead’s fixative, processed, and
embedded in paraffin. At least five nonconsecutive sections (one every
10) were cut, stained by hematoxylin and eosin, and analyzed with a
digital microscope as described (16) to quantify the mononuclear infil-
tration of the pituitary gland. EAH was defined histopathologically as
a mononuclear infiltration in the pituitary gland greater than 2% of the
total anterior pituitary area; mice with such a degree of pituitary infil-
tration were considered the incidence cases. To assess the extent and
evolution of pituitary fibrosis, a subset of 20 pituitaries (15 immunized
and five CFA controls), representative of all postimmunization end-
points, were also colored by the Masson’s trichrome method, which
stains collagen fibers blue, nuclei black, and cytoplasm red. To confirm
the organ specificity of the pituitary disease, thyroid gland and pancreas
were also collected at the time mice were killed.

Pituitary immunohistochemistry

To analyze the distribution and type of hematopoietic cells infiltrating
the pituitary, immunohistochemistry was performed on deparaffinized
and rehydrated sections as previously described (17), using the follow-
ing primary antibodies: B220, CD3, CD11c, CD45 (BD Biosciences, San
Jose, VA), and F4/80 (AbD Serotec, Raleigh, NC). Sections were chosen
from nine stage 2 mice (five immunized and four controls) and from all
stage 3 mice.

Pituitary flow cytometry

To analyze the type, abundance, and activation state of hematopoietic
cells infiltrating the pituitary, we studied 52 glands: 22 dissected from
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d-28 immunized mice, and 30 nonimmunized controls. For each exper-
iment, five to seven pituitaries were pooled, minced into small pieces
(�1 mm3), and digested for 30 min at 37 C in DMEM (Invitrogen Corp.,
Carlsbad, CA) containing collagenase II (0.2% wt/vol, from Sigma-
Aldrich, St. Louis, MO). Pituitary cells from the digestion were passed
through a 70-�m strainer (BD Biosciences), washed, and resuspended in
PBS, 1% BSA, 2 mm EDTA, and 0.02% sodium azide at a concentration
of 107 per ml. Cells were then processed as previously described (16) and
stained with fluorochrome-conjugated antibodies (all from BD Bio-
sciences, except when indicated) recognizing the following markers:
B220, CD3, CD4, CD8, CD11b, CD44, CD45, CD49b (a pan NK cell
marker, clone DX5, from eBioscience, San Diego, CA), and CD69. Cells
were then analyzed by FACSCalibur cytometer using CellQuest soft-
ware (BD Biosciences), gating first on the forward-side scatter to exclude
aggregates and dead cells, and then on the CD45-side scatter to identify
the hematopoietic cells.

Pituitary antibodies by ELISA

To monitor the humoral immune response against pituitary proteins
after immunization, sera were collected before (d 0) and several days
after the first immunization (d 7, 10, 14, 21, 28, 35, 56, 84, 112, 140, 200,
252, and 370). Sera were serially diluted in PBS and incubated overnight
in Immunolon2 ELISA plates (Dynex Technologies, Chantilly, VA) pre-
coated with mouse pituitary cytosolic proteins (625 ng/well). After
washing, IgG and IgM recognizing pituitary antigens were detected
using a secondary antibody, conjugated to alkaline phosphatase, and
directed against mouse G and M heavy chains (Jackson Immuno-
Research Laboratories, West Grove, PA). Color development was mea-
sured at 405 nm using the Emax microplate reader (Molecular Devices,
Sunnyvale, CA). Each plate included a homemade standard curve, made
by diluting a pool of d-28 post-immunization sera 1:100, 1:400, 1:1,600,
1:6,400, and 1:25,600 in PBS. A value of 5120 arbitrary units (AU) per
microliter was assigned to the most concentrated standard (the 1:100
dilution), and corresponding values of 1280, 320, 80, and 20 to the other
four standards. This curve allowed us to compare results among plates,
expressing results in AU/�l rather than in OD. Preimmune (d 0) sera
were used to calculate the normal reference range for SJL/J female mice.
Sera were tested in triplicates; sera with a coefficient of variation greater
than 20% were excluded. The average coefficient of variation was 6.3%.
Intraassay variability was evaluated by measuring the same sera several
times during the same assay procedure, and amounted to 4.9 � 0.7%.
Interassay variability was evaluated by measuring the same sera during
different assay procedures, and amounted to 8.6 � 1.2%.

Pituitary hormone function

To study pituitary function after immunization, we initially at-
tempted to measure anterior pituitary hormones but failed because the
immunization protocol also induced antibodies against these hormones,
thus markedly interfering with the assay performance. Therefore, we
opted for measuring two key target hormones produced in response to
pituitary control, using commercially available RIAs: total T4 (Diasorin
Inc., Stillwater, MN); corticosterone (Diagnostic Systems Laboratories,
Webster, TX); and IGF-I (Diagnostic Systems Laboratories). Assay stan-
dards and controls were run in duplicate, experimental samples in
singlicate and undiluted. Preimmune (d 0) sera were used to calculate
the normal reference range for SJL/J female mice.

Identification of candidate pituitary autoantigens by
two-dimensional gel electrophoresis, immunoblotting, and
mass spectrometry

Pituitary proteins (cytosolic or membrane fractions) were precipi-
tated with 10% trichloroacetic acid/acetone, and redissolved in 7 m urea,
2 m thiourea, 4% 3-[(3-cholamidopropyl)dimethyl ammonio]-1-pro-
panesulfonate, and 30 mm Tris-HCl (pH 8.8). Proteins (250 �g) were
initially loaded onto 7-cm long, immobilized pH 3–10 gradient strips
(IPG strips) (GE Healthcare, Piscataway, NJ) to identify the most re-
solving isoelectric point for candidate autoantigens, which was later
found to fall between five and seven. Proteins were then loaded onto
24-cm long, pH 4–7 IPG strips, to increase further the resolution of
candidate autoantigens in isoelectric focusing buffer (8 m urea, 4% 3-[(3-

cholamidopropyl)dimethyl ammonio]-1-propanesulfonate, 0.2% dithio-
threitol, 1.5% IPG buffer, 0.002% bromophenol blue), using the following
programs: 10 h at 20 V, 30 min at 500 V, 30 min at 1000 V, and 4.5 h at
3000 V. Proteins were loaded onto a pair of identical pH 4–7 IPG strips
in each experiment. After the first dimension, strips were cut into three
fragments, each representing one pH unit. The pH 4–5 fragment was
discarded because it did not contain pituitary autoantigens. The pH 5–6
and 6–7 fragments were then run on 4–12% SDS-PAGE for the second
dimension. From the pair of identical strips, one gel set was stained by
Coomassie blue and the other instead transferred to nitrocellulose mem-
branes (GE Healthcare). These were blocked in PBS-3% BSA, and in-
cubated overnight at 4 C with diluted sera (1:200) from CFA-only mice.
Membranes were then washed and incubated for 1 h at room temper-
ature with an antimouse IgG antibody, conjugated to horseradish per-
oxidase. Antibody binding was then detected using a chemiluminescent
substrate (ECL; GE Healthcare). The membranes were then stripped,
according to the manufacturer’s recommendation (GE Healthcare), and
probed with the immune sera. Images produced by immune sera were
compared with those from CFA-only sera to identify unique protein
spots. These spots were then matched to the gels stained by Coomassie
blue, excised, in-gel digested with trypsin, and submitted for matrix-
assisted laser desorption/ionization time-of-flight sequencing at the
Proteomics Facility of the Johns Hopkins School of Medicine, as previ-
ously described (18).

Statistical analysis

The study was mainly designed to analyze cross-sectionally the pi-
tuitary infiltration score (the primary outcome) at multiple time points
after immunization. This score was expressed as percentage (continuous
scale from zero to 100) and calculated as follows: sum of the infiltrated
areas in the anterior pituitary divided by the total anterior pituitary area
times 100. The posterior and intermediate lobes were not included in the
measurements because their mononuclear infiltration was rare and
scanty. The pituitary of nonimmunized or CFA-only immunized mice
contained only a few lymphocytes, representing about 0.5 � 0.2% of the
total area. Mice with an infiltration score greater than 2% were classified
as EAH cases. Differences in the mean infiltration score were analyzed
using a multiple linear regression model that included as covariates
strain, sex, type of immunogen, dose of immunogen, and time after
immunization. Differences in EAH cumulative incidence among strains
were assessed by calculating the relative risks. Secondary outcomes
were serum pituitary antibodies, T4 and corticosterone, and the number
of CD45 positive cells in the pituitary. Pituitary antibody values were
first transformed to a logarithmic scale to approximate the normal dis-
tribution, and then analyzed by univariate regression using day after
immunization as covariate and fractional polynomial fit. Corticosterone
and T4 were analyzed by univariate linear regression vs. day after im-
munization. The number of CD45 positive lymphocytes infiltrating the
pituitary was compared among groups by the Wilcoxon rank sum test
performed after the Kruskal-Wallis test.

Results
Female SJL/J mice are susceptible to EAH

Considering the known influence of the major histocom-
patibility complex locus (19) and sex (20) on autoimmune
diseases, we tested 146 mice from six inbred strains of both
sexes for their susceptibility to EAH upon pituitary whole
extract immunization. SJL/J developed EAH with signifi-
cantly higher incidence (relative risk � 23, 95% confidence
interval (CI) 10–55; P � 0.0001) and greater severity [P �
0.0001] than the other five strains (Fig. 1A). Female SJL/J
mice developed more severe EAH than male SJL/J mice (P �
0.0001; Fig. 1B), in keeping with the sex bias observed in
patients with AH (1). Female FVB/N mice proved also sus-
ceptible to EAH (Fig. 1A), although with lower incidence
(five of 10 mice) and milder severity (mean pituitary infil-
tration score � 6%, median � 3%). Based on these results,
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SJL/J females were used for all the other experiments pre-
sented in this paper.

The pituitary cytosolic fraction is enriched for
autoantigen(s)

The mouse pituitary whole extract (filled squares in Fig. 1,
C and D) induced EAH with the highest incidence and se-
verity: incidence was more than 95% at doses more than or
equal to 0.4 mg/injection (Fig. 1C); severity increased in a
dose-dependent manner from 0% at 0.2 mg, 3% at 0.4 mg, to
60% at 0.5 mg, plateauing thereafter (65% at 1 mg, Fig. 1D).
Pituitary cytosolic proteins (open circles in Fig. 1, C and D)
were also reliable inducers of EAH: incidence and severity

increased in a dose-dependent fashion, paralleling the trend
seen with the whole extract. On the contrary, pituitary mem-
branes (filled triangles) induced only a very mild disease (Fig.
1D) with low incidence (Fig. 1C), and pituitary nuclei (open
diamonds) were ineffective. These results indicate that the
pathogenic autoantigens of EAH mainly reside in the cyto-
solic compartment of the pituitary gland.

The mononuclear infiltration induced by pituitary immu-
nization was seen only in the pituitary gland, and not in any
of the thyroids and pancreata collected at the time mice were
killed, even when using the highest dose of pituitary extract.
In addition, control placental proteins (filled circle in Fig. 1, C
and D) were incapable of inducing EAH, similar to what was
observed in nonimmunized mice (open square) or CFA-only
immunized mice (CFA controls, filled diamond). None of the
six mouse pituitary cell lines was capable of inducing EAH
with significant incidence or severity (Fig. 1, C and D).

The pathology of murine EAH closely resembles the human
disease

After immunization with pituitary whole extract or cy-
tosol, the pituitary gland developed a marked mononuclear
cell infiltration of the anterior pituitary (Fig. 2, compare the
pituitary of an immunized mouse in panel B with that of a
CFA control pituitary in panel A). Infiltrating cells sur-
rounded and destroyed the endocrine cells, ultimately ef-
facing the normal acinar architecture (Fig. 2, compare panel
D with panel C). The intermediate and posterior lobes were
not involved with this immunization protocol. The mono-
nuclear cells were mainly composed of CD3� T cells (Fig.
3A) and B220� B cells (Fig. 3B), which were present both
diffusely throughout the gland and in focal collections. Other

FIG. 1. Effect of strain, sex, immunogen type, and immunogen dose
on EAH. A, SJL/L mice are susceptible to EAH. Six inbred strains,
comprising a total of 146 mice, were analyzed for their susceptibility
to EAH 28 d (�4) after immunization with mouse pituitary whole
extract. B, Female preponderance. The pituitary lesions of the 26
SJL/J mice shown in panel A are now distributed according to sex,
highlighting that females develop EAH with higher incidence and
severity than males. C, EAH incidence in female SJL/J mice, accord-
ing to immunogen type and dose. Mouse pituitary whole extract (filled
squares, n � 85) and mouse pituitary cytosol (open circles, n � 90)
were the strongest inducers of EAH. Mouse pituitary membrane
(filled triangles, n � 9) and AtT-20 cells (open triangles, n � 24) also
induce EAH but with low incidence. Pituitary nuclei (open diamond,
n � 5), placental whole extract (filled circle, n � 15), and the other five
pituitary cell lines (the X symbol, n � 25) do not induce EAH. The
pituitary of these mice looked similar to that of mice immunized with
CFA only (filled diamond, n � 7) or the nonimmunized controls (open
square, n � 17). D, EAH severity in female SJL/J mice, according to
immunogen type and dose. This graph shows the severity of EAH for
the same 277 mice illustrated in panel C. In all panels, the numbers
above the panels indicate the mouse number for each of the x-axis
categories.

FIG. 2. EAH resembles the human disease. SJL/J female mice im-
munized with pituitary whole extract or pituitary cytosol develop a
marked mononuclear cell infiltration of the pituitary gland that oblit-
erates the normal pituitary architecture. A, Normal histology of the
adenohypophysis from a d 28 CFA control mouse (magnification,
�20). B, Adenohypophysis from a d 28 mouse immunized with pitu-
itary whole extract (magnification, �20). C and D, Higher magnifi-
cations (�40) of the boxed areas in panels A and B. Note how in panels
B and D the normal acinar structure is disrupted and replaced by the
infiltrating mononuclear cells.
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cell types like granulocytes (compare the G gate in panels C
and D of Fig. 3) and plasma cells (data not shown) also
increased, although less abundantly, after immunization.

T cells show an activated/memory phenotype and are the
key mediators of EAH

Flow cytometric analysis of the pituitary gland revealed
that the percentage of CD45 positive hematopoietic cells
increased from the normal 2% (Fig. 3C) to 85% (Fig. 3D) after
immunization. Lymphocytes were the dominant population
(L gate in Fig. 3D), representing 70% of the total CD45 pos-
itive cells. CD3 T cells were the most abundant lymphocytes
(Fig. 3A), followed by B220 B cells (Fig. 3B), with average
percentages of 78 and 10%, respectively (data not shown).
CD4 T cells were about 3-fold more numerous than CD8 T
cells (68 vs. 22%, Fig. 3E), highlighting the key role for CD4
T cells in disease pathogenesis. In fact, CD4 T cells are the first
cells to enter a gland targeted by autoimmunity, triggering

the development of tertiary lymphoid follicles (21), and are
the most abundant T-cell subset in early disease phases (22,
23). The majority of CD4 cells showed an activated/memory
phenotype, as indicated by homogeneously high levels of
CD44 (Fig. 3F). CD69, an early T-cell activation marker, was
also expressed at high levels on about 50% of the CD4 cells.
A similar activation profile was displayed by CD8 cells (data
not shown). The activated/memory phenotype of T cells is
consistent with an ongoing inflammatory process within the
pituitary gland. T cells were capable of transferring EAH to
naive recipients upon adoptive transfer. All five recipients
developed lymphocytic infiltration of the pituitary of mild
severity (median infiltration score 5%, range 2–10%),
whereas thyroids and pancreata were normal (data not
shown).

Evolution of murine EAH: from pituitary expansion to
atrophy

The natural history of human AH is poorly defined and
variable, with outcomes ranging from complete remission
through panhypopituitarism (1). We used our mouse EAH
model induced by pituitary whole extract to elucidate how
disease unfolds over time for extrapolating information to
the human disease. Infiltration first appeared in the pituitary
gland on d 14 after immunization and was characterized by
small lymphoid infiltrates occupying about 5% of the gland
(Fig. 4A, arrow). These initial infiltrates were mainly present
within the sinusoidal spaces and did not disrupt the normal
acinar architecture (data not shown). The disease then rap-
idly worsened by d 21 and 28, with infiltrating lymphocytes
replacing about 50% of the anterior pituitary (Fig. 4A), and
remained severe thereafter.

Further analysis of individual pituitary scores (Fig. 4B),
rather than means as in Fig. 4A, revealed the existence of two
modes of EAH early development. In the majority of female
SJL/J mice, EAH developed very rapidly and severely (Fig.
4B, open circles). In the remainder, EAH was milder and
progressed more slowly but still with a worsening trend (Fig.
4B, filled diamonds). The pituitary score differed on average by

FIG. 3. T lymphocytes are the dominant cell type infiltrating the
pituitary of SJL/J mice. A, Immunohistochemical analysis shows
abundant CD3� T lymphocytes in the pituitary of mice immunized
with pituitary whole extract. B, B220� B lymphocytes are also
present but less frequent. Flow cytometric analysis shows that CD45�

hematopoietic cells represent only 2% of the total pituitary cells in
normal pituitaries (C), but increase to 85% on d 28 after immunization
(D). Lymphocytes (L gate) are the most abundant infiltrating popu-
lation, although monocytes/macrophages (M gate) and granulocytes
(G gate) can also be seen. E, Analysis of CD4 and CD8 coreceptors on
CD3 gated cells show that CD4� T lymphocytes are 3-fold more abun-
dant than CD8� T lymphocytes. F, The majority of CD4� T lympho-
cytes express high levels of CD44, indicating an activated/memory
phenotype.

FIG. 4. Evolution of EAH in 82 female SJL/J mice immunized on d 0
and 7 with 1 mg pituitary whole extract. A, EAH severity in female
SJL/J mice after pituitary whole extract immunization. Shown is the
mean � SE of the pituitary score at various time points after two
immunizations. B, Fractional polynomial regression analysis reveals
two modes of disease progression: fast responder (open circles) and
slow responder (filled diamonds). Shaded area represents the 95%
CIs for each group.
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27% (95% confidence limits from 15–40%; P � 0.0001) be-
tween the fast and slow responders.

The pituitary gland on d 28 after immunization was mark-
edly enlarged, inflamed, and firmly adherent to the sur-
rounding meningeal structures (Fig. 5B, compare it with the
normal pituitary of a CFA-only immunized control in Fig.
5A). With time, the pituitary gland markedly decreased in
size as the tissue atrophied (Fig. 5C) such that it contained
few adenohypophyseal cells by d 252 after immunization.
The disease remained mainly lymphoid in nature through-
out the entire course; by d 140 after immunization, lympho-
cytes could be seen in large aggregates (Fig. 5D). In addition,
other pathological features appeared at later time points.
Multinucleated giant cells (Fig. 5E) could be seen between d
35 and 84, which directly related to disease severity and
resembled some of the lesions observed in patients with
granulomatous hypophysitis. Fibrotic changes appeared as
early as d 35 or 56, and became more prominent at later time
points (Fig. 5F).

Pituitary antibodies predict hypophysitis severity in the
florid phase of EAH

Pituitary antibodies increased rapidly after immunization,
with a steep slope between d 0 and 21 (Fig. 6A), a period that
we called the initiation phase. Pituitary antibodies did not
correlate with disease severity at this time (Fig. 6B, filled
diamonds) because pituitary disease is minimal during the
initiation phase. Between d 21 and 140 after immunization,
pituitary antibodies remained elevated and did not change
significantly in titer (Fig. 6A). During this period, which we
named the florid phase, antibody levels directly correlated
with disease severity (Fig. 6B, open squares). The pituitary
infiltration score increased on average 17% for every unit

increase in the logarithm of the antibody AU (95% CI be-
tween 8 and 27%; P � 0.001). Beyond d 140, the atrophic
phase, the pituitary antibody titers gradually declined, al-
though remaining significantly higher than at baseline even
370 d after immunization (Fig. 6A), and did not correlate with
EAH severity (Fig. 6B, filled triangles).

Hypopituitarism is the common endpoint of EAH

We studied the function of the pituitary gland throughout
the course of EAH by measuring the serum levels of corti-
costerone, T4, and IGF-I. All hormones decreased with time
(Fig. 7, A and B, and supplemental Fig. 1), indicating that
hypopituitarism is the final outcome of the lymphocytic in-
filtration of the pituitary gland. However, corticosterone lev-
els were more informative. They decreased below the normal
range sooner than T4 levels (d 56 in Fig. 7A vs. d 112 in Fig.
7B), suggesting that the ACTH-producing cells are an earlier
or preferential target of the autoimmune response in the
pituitary. They also showed in some of the mice a marked
increase at d 28, possibly reflecting the host’s attempt to
control the autoimmune attack on the pituitary by increasing
the output of ACTH and glucocorticoids. Indeed, mice with
the highest corticosterone levels were generally the ones with
the milder pathology (Fig. 7C, open squares in the lower-right
region). By contrast, mice with the most severe EAH often had
the lowest corticosterone levels (Fig. 7C, open squares in the
upper-left region). All mice with atrophic pituitaries devel-
oped hypocortisolism (Fig. 7C, filled triangles). T4 levels also
showed an inverse correlation with pituitary pathology, with
the lowest levels observed in mice with the most severe
disease (Fig. 7D, upper-left region).

Novel autoantigens in EAH

The aforementioned described mouse model of AH was
also developed with the goal of obtaining a tool that could
aid in the discovery of pituitary autoantigen(s), which has
thus far escaped identification. We used a proteomic ap-

FIG. 5. Gross anatomical appearances of pituitaries from SJL/J mice
immunized with CFA-only (A) or pituitary whole extract at d 28 (B)
and d 252 (C) after immunization. D, Large collection of lymphoid cells
can be seen in the pituitary at a late time point (140 d after immu-
nization; �40). E, Multiple nucleated giant cells appear between d 35
and 84 after immunization (�100). F, Fibrotic lesion (light blue stain-
ing; �40).

FIG. 6. Antibody levels, expressed as logarithms of AU, correlate
with severity in the florid phase of EAH. A, Fractional polynomial
regression analysis shows the overall antibody response (solid line)
after immunization. The dotted horizontal lines represent the 5th to
95th percentile of pituitary antibody titers in preimmunized mice. B,
Relation of pituitary infiltrating score and antibody titers, according
to the different EAH phases. Filled diamonds represent pituitary
antibodies in the initiation (in) phase (from d 0–14 after immuniza-
tion), open squares in the florid phase (from d 21–140), and filled
triangles in the atrophic phase (from d 140–370).
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proach based on two-dimensional gel electrophoresis, im-
munoblotting comparison of immune vs. control sera, and
protein sequencing by matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry of the protein spots
recognized by the immune sera. Immune sera recognized
eight unique spots from the pituitary cytosolic fraction (six
of them shown in supplemental Fig. 2), and seven from the
pituitary membrane fraction (data not shown). Sequencing
yielded 62 (supplemental Table 1) and 56 (supplemental
Table 2) candidate autoantigens, respectively. These 118 can-
didates need to be tested systematically for their ability to
induce EAH in mice, and the autoantigens identified then
tested against a range of human sera. However, some can-
didates, like sorting nexin 1 and PC2 in the cytosolic fraction
and proopiomelanocortin and aminopeptidase B in the mem-
brane fraction, are already attractive because of the high
pituitary expression (24, 25), specific subcellular location (26,
27), and clinical notion that human corticotroph cells are the
most frequently damaged cells in AH patients (28). We ar-
bitrarily selected PC2 from the list of 118 candidate autoan-
tigens as a tester to establish the system for mammalian
expression and purification (supplemental Fig. 3). Upon im-
munization, PC2 induced a hematopoietic infiltration of the
pituitary gland that was significantly greater than that seen
in CFA-only immunized mice (P � 0.0028 by Wilcoxon rank
sum test; supplemental Fig. 4A). However, EAH incidence

and severity were low: seven of 20 mice (35%) developed an
infiltration greater than 2% (supplemental Fig. 4A); and in
only one mouse was the infiltration moderately severe (sup-
plemental Fig. 4B). Nevertheless, the infiltration was pitu-
itary specific and not seen in thyroids or pancreata (data not
shown). Overall, these results suggest that PC2 is a minor
pituitary autoantigen, and that additional autoantigens con-
tribute to EAH initiation and progression.

Discussion

The study reports the first reliable mouse model of AH,
induced by immunization of SJL/J female mice with mouse
pituitary extract. Immunized mice developed a pituitary dis-
ease that closely mimicked the human counterpart. Patho-
logically, the disease was characterized by a diffuse lym-
phocytic infiltration of the anterior pituitary, comprising
predominantly CD4� T cells. Genetically, severe disease de-
veloped only in the SJL strain and the female sex, recapitu-
lating the well-described impact of the major histocompat-
ibility complex locus (29) and the less well-understood
influence of sex (20) on autoimmune susceptibility. A few
animal models of AH have been attempted since 1964 (14,
30–35), but induction of pituitary lymphocytic infiltration
was scanty or not reproducible. The success of the present

FIG. 7. Endocrine defects in immu-
nized SJL/J mice. Simple linear regres-
sion analysis shows how corticosterone
(A) and T4 (B) levels change after im-
munization with pituitary whole ex-
tract. In both A and B, regression fit
and 95% CI are represented by the solid
lines and shaded area, respectively.
The dotted horizontal lines indicate the
5th to 95th percentile of hormone levels
in preimmunized mice. Correlation be-
tween pituitary infiltrating score and
corticosterone (C) or T4 (D) levels, ac-
cording to EAH phases. Open squares
represent hormone levels in the florid
EAH phase (from d 21–140 after im-
munization), filled triangles, in the
atrophic phase (d 140–370). The dotted
vertical lines show the 5th to 95th per-
centile of hormone levels in preimmu-
nized mice.
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mouse model probably derives from the use of a responsive
strain and a suitable antigen dose (Fig. 1).

Several inferences about human AH have emerged from
investigations of this new model. The pituitary gland was
invariably enlarged in the early disease phase, consistent
with the compression symptoms that may be identified in
AH patients at presentation. It then gradually diminished in
size, ultimately resulting in an atrophic gland. Although all
immunized mice were of similar age and received the same
immunogen, the pituitary disease progressed by two modes
(slow and fast responders in Fig. 4), which may relate to the
variable disease course described in human AH (1).

Autoantibodies are currently the main diagnostic tool for
monitoring the immunological activity of autoimmune dis-
eases, and can be used for prediction, diagnosis, and ther-
apeutic decisions (36). Pituitary antibodies, however, are
poorly characterized in human AH because the specific au-
toantigen(s) is unknown, so that it is most commonly mea-
sured by indirect immunofluorescence (37). We showed that
pituitary antibodies, measured by the more sensitive ELISA
technique, significantly correlated with disease severity dur-
ing the florid phase of EAH, suggesting that they will be a
valid clinical adjunct in the management of AH, especially
once the autoantigen(s) is identified. Pituitary antibodies
decreased over time, gradually declining from d 140 after
immunization throughout the atrophic phase. These findings
are consistent with the notion that pituitary antibodies de-
cline when measured longitudinally in patients with hypo-
pituitarism (38), and suggest that their absence in patients
with empty sella syndrome (39) does not necessarily exclude
AH as a cause of secondary empty sella.

Hypopituitarism is the characteristic endocrine feature of
AH. It typically requires long-term hormone replacement
and most commonly involves defects of ACTH secretion (28).
Adrenal insufficiency was also the key endocrine abnormal-
ity observed in our mouse model, and preceded the appear-
ance of hypothyroidism. Interestingly, serum corticosterone
levels inversely correlated with pituitary infiltration scores
during the florid phase of EAH, such that the surges pre-
dicted by the regression analysis on d 28 and 56 (Fig. 7) were
followed by a decrease in pituitary infiltration. These results
suggest that subjects capable of mounting a strong glucocor-
ticoid response control the pituitary inflammation better. The
correlation disappeared in the atrophic phase, probably re-
lated to a loss of ACTH output from the pituitary. Overall,
these findings imply that glucocorticoids used to reduce
pituitary swelling are chiefly effective only during the initial
phases of AH. Hypopituitarism in EAH resulted from the
destruction of endocrine cells by the lymphocytic infiltrate.
However, it could also be explained by the presence of au-
toantibodies that bind and block the pituitary hormones,
rendering them unable to stimulate their target cells. No
obvious relationship, however, was observed between pitu-
itary antibodies and corticosterone or T4 levels.

Another clinical implication that emerged from our EAH
studies is that about multinucleated giant cells. These cells
are traditionally observed during granulomatous hypophy-
sitis but can be occasionally seen in AH. Some scholars have
proposed that the two pathological forms represent “a spec-
trum of disease, with purely lymphocytic hypophysitis being

the predominant early lesion, and the granulomatous com-
ponent being the later component of the same disease pro-
cess” (40, 41). In our EAH studies, multinucleated giant cells
were clearly observed but only during a relatively short time
interval (from d 35–84 after immunization). They can be
considered as a tissue response during a florid autoimmune
attack, reflecting the macrophage clearance of pituitary cells
damaged by the infiltrating lymphocytes. Because of their
restricted temporal appearance, they might be missed in
human specimens depending on the phase of AH. This pos-
sible common origin of granulomatous and lymphocytic hy-
pophysitis could be addressed by an analysis of the antigenic
profiles recognized in each disease.

Our quest to identify the causative autoantigen(s) in EAH
led to the discovery of several pituitary proteins preferen-
tially recognized by the immune sera. These proteins will
require a methodical analysis to express them and screen
them by immunization to select the dominant autoantigen(s).
The mouse results will then need to be validated for the
specific recognition by human AH sera.

In conclusion, our study highlights the key features of a
new mouse model of AH that provides insights into the
natural history of the human disease. The study also reports
mouse pituitary autoantigens that could lead to the devel-
opment of novel diagnostic biomarkers in humans.
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