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Transforming growth factor-� (TGF-�) is a pleiotropic
growth factor; its overexpression has been implicated
in many diseases, making it a desirable target for
therapeutic neutralization. In initial safety studies,
mice were chronically treated (three times per week)
with high doses (50 mg/kg) of a murine, pan-neutral-
izing, anti-TGF-� antibody. Nine weeks after the initi-
ation of treatment, a subset of mice exhibited weight
loss that was concurrent with decreased food intake.
Histopathology revealed a unique, nonneoplastic cys-
tic epithelial hyperplasia and tongue inflammation,
as well as dental dysplasia and epithelial hyperplasia
and inflammation of both the gingiva and esophagus.
In an effort to determine the cause of this site-specific
pathology, we examined TGF-� expression in these
tissues and saliva under normal conditions. By immu-
nostaining, we found higher expression levels of ac-
tive TGF-�1 and TGF-�3 in normal tongue and esoph-
ageal submucosa compared with gut mucosal tissues,
as well as detectable TGF-�1 in normal saliva by West-
ern blot analysis. Interestingly, mast cells within the
tongue, esophagus, and skin co-localized predomi-
nantly with the TGF-�1 expressed in these tissues.
Our findings demonstrate a novel and restricted pa-
thology in oral and esophageal tissues of mice chron-
ically treated with anti-TGF-� that is associated with
basal TGF-� expression in saliva and by mast cells

within these tissues. These studies illustrate a pre-
viously unappreciated biological role of TGF-� in
maintaining homeostasis within both oral and
esophageal tissues. (Am J Pathol 2009, 174:2137–2149;

DOI: 10.2353/ajpath.2009.080723)

Transforming growth factor-� isoforms (TGF-�1, -�2, and -�3)
comprise a family of growth factors possessing multiple
biological functions.1 These functions include embryo-
genesis, regulation of immune responses, cell growth
and differentiation, and the formation of extracellular ma-
trix and bone.1,2 Overexpression of TGF-� has been im-
plicated as a contributor to diseases such as cancer and
fibrotic disorders,1,3–6 making its neutralization a desir-
able target for therapeutics. Because of its numerous
functions, however, complications may arise as a result of
the inhibition of TGF-�. Mice genetically deficient in
TGF-�1 or TGF-� receptor II signaling capacity have
shown profound immune dysfunction and multiorgan in-
flammation,7–10 increased susceptibility to epithelial cell
dysregulation with cancer development,11–13 and dimin-
ished capacity of epithelial repair after injury.14 We ad-
dressed the possibility of immune dysregulation after
chronic antibody-mediated neutralization of TGF-� in a
previously published study, which demonstrated minimal
effects of chronic, high-dose anti-TGF-� administration
on multiple immune parameters in BALB/c mice.15 Thus,
antibody-mediated neutralization of TGF-� in adult mice
did not result in the immune dysregulation seen in the
genetically manipulated mice. However, a subset of an-
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imals in this study showed weight loss that could not be
attributed to changes in immune status or significant
pathology based on a limited histological evaluation. The
present studies aimed to further investigate the cause of
this weight loss after chronic anti-TGF-� administration,
as well as to better understand additional biological roles
of TGF-�.

Materials and Methods

Animals

Female BALB/cAnTac (BALB/c), BALB/cRAG-2 knockout
(RAG-2KO), C57BL/6NTac (C57BL/6), 129S6/SvEvTac
(SV129), and DBA/2NTac (DBA/2) mice (Taconic Labo-
ratories, Hudson, NY) between 6 and 8 weeks of age
were used in these studies. RAG-2KO mice were housed
in autoclaved cages with sterilized food and water. All
mice were housed in microisolator cages on a 12-hour
light cycle, with housing, handling, and procedures per-
formed in compliance with the Animal Welfare Act, the
Guide for the Care and Use of Laboratory Animals, and
the Office of Laboratory Animal Welfare.

Antibodies and Administration

Monoclonal anti-TGF-� (clone 1D11, mouse IgG1, neu-
tralizes all three isoforms of TGF-�) and isotype control
monoclonal antibody (13C4, mouse IgG1 antibody spe-
cific for shiga-like toxin)16 were purified from hybridoma
supernatants by protein A chromatography with subse-
quent dialysis into physiological buffers. Endotoxin levels
in the monoclonal antibody (mAb) preparations were less
than 1 EU/ml. TGF-� neutralizing activity of the 1D11 mAb
was confirmed with mink lung cell activity as previously
described.17

Study Designs

All studies described consisted of 12 weeks of dosing
with isotype control or anti-TGF-� monoclonal antibodies

(mAbs). The first study treated BALB/c and RAG-2KO
mice intraperitoneally three times a week for 12 weeks
with 5 or 50 mg/kg of anti-TGF-� or 50 mg/kg of isotype
control mAb. For studies testing the reversibility of le-
sions, BALB/c mice were treated with 10 mg/kg of anti-
TGF-� for the 12 weeks. Tissues were collected at the
end of the 12-week treatment period, as well as at 4, 8,
and 12 weeks after the cessation of treatment. For the
strain-specific study, BALB/c, C57BL/6, SV129, and
DBA/2 mice were treated with 10 mg/kg of anti-TGF-� for
the 12 weeks. Study designs are described in Table 1.

Clinical Observation, Body Weight
Measurements, and Food Intake

Mice were observed weekly for signs of abnormal behav-
ior, ill health, altered toe pinch responses, and general
appearance. Mice were weighed at the initiation of the
antibody treatments and weekly thereafter. Body weight
change throughout the course of the study was calcu-
lated as a percentage of starting weight for each individ-
ual animal. The average amount of food consumed per
mouse per week was measured by subtracting the
weight of the food at the end of the week from that at the
beginning of the week and dividing by the total number of
mice per group.

Hematology and Serum Clinical Chemistries

Immediately before euthanasia, blood was collected from
the mice by cardiac puncture into both ethylenediami-
netetraacetic acid-containing tubes and serum separator
tubes (Becton Dickinson Vacutainer Systems, Franklin
Lakes, NJ). One drop of blood from ethylenediaminetet-
raacetic acid-containing tubes was smeared onto each of
two glass slides for differential cell analysis. The remain-
ing whole blood was used for complete blood counts.
Blood collected in serum separator tubes was allowed to
clot, centrifuged at 10,000 � g for 15 minutes, and serum
was collected for serum chemistry analyses. Blood,

Table 1. Study Designs

Mouse strain Treatment Dose* N Endpoint (weeks after initiation of dosing)

Initial study design
BALB/c Control IgG 50 mg/kg 10 12
BALB/c Anti-TGF-� 50 mg/kg 10 12
BALB/c Control IgG 5 mg/kg 10 12
BALB/c Anti-TGF-� 5 mg/kg 10 12
RAG-2KO Control IgG 50 mg/kg 10 12
RAG-2KO Anti-TGF-� 50 mg/kg 10 12

Reversibility study design
BALB/c Anti-TGF-� 10 mg/kg 9 12 � 0 weeks recovery
BALB/c Anti-TGF-� 10 mg/kg 10 12 � 4 weeks recovery
BALB/c Anti-TGF-� 10 mg/kg 10 12 � 8 weeks recovery
BALB/c Anti-TGF-� 10 mg/kg 9 12 � 12 weeks recovery

Strain specificity study design
BALB/c Anti-TGF-� 10 mg/kg 5 12
C57BL/6 Anti-TGF-� 10 mg/kg 5 12
SV129 Anti-TGF-� 10 mg/kg 5 12
DBA/2 Anti-TGF-� 10 mg/kg 5 12

*All mice were treated with the indicated dose intraperitoneally three times a week.
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smears, and serum were sent to AniLytics (Gaithersburg,
MD) for the hematological and serum chemistry analysis.

Measurement of Circulating Levels of
Anti-TGF-� mAb

Serum samples were collected before initiation of the
study (pretreatment) as well as weekly throughout the
studies. The levels of the 1D11 anti-TGF-� mAb in mouse
serum were measured as described previously.15

Histology and Histopathology

Tissues removed at necropsy for histological examination
included heart, kidney, lungs, liver, salivary glands,
spleen, lymph nodes (mesenteric), thoracic skin, ear
pinna, mesentery, thymus, adrenal glands, pancreas,
tongue, esophagus, stomach, duodenum, jejunum, il-
eum, cecum, colon, rectum, skeletal muscle, sternum
with bone marrow, brain, and myocardium. In addition,
the maxilla was removed from animals showing altered or
broken teeth. Tissue samples were fixed in 10% neutral
buffered formalin, then dehydrated in gradients of alco-
hol, cleared in xylene, infiltrated, and embedded in par-
affin. Five-�m sections were put on positively charged
slides and heated at 60°C for 15 minutes. Slides were
then stained with a regressive hematoxylin and eosin
stain. Slides were examined microscopically for lesions in
a blinded manner by a board-certified veterinary pathol-
ogist. Scoring criteria for hyperplasia and inflammation
found in tongue and esophagus of anti-TGF-� mAb-
treated mice are described in Table 2.

Immunohistochemistry

Ear pinna, back skin, tongue, esophagus, small and large
intestine, and liver of untreated BALB/c mice were collected
and placed into OCT gel (Shandon, Pittsburgh, PA), fol-
lowed by freezing in cold 2-methylbutane (VWR Interna-
tional, West Chester, PA). Immunostaining was performed
on acetone-fixed cryostat sections with rabbit pan-species
anti-TGF-�1 (catalog no. sc-146; Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit pan-species anti-TGF-�3 (catalog
no. sc-82, Santa Cruz Biotechnology), rat anti-mouse anti-
F4/80 to detect macrophages (catalog no. RM2900; Caltag,
Burlingame, CA), rat anti-mouse anti-CD4 to detect CD4� T
helper cells (catalog no. M074873; BD PharMingen, San
Diego, CA), rat anti-mouse anti-CD8 to detect CD8� T cells
(catalog no. 553026, BD PharMingen), rat anti-mouse anti-
c-Kit to detect mast cells (catalog no.14-1172-81; eBio-
science, San Diego, CA), rat IgG2a isotype control (catalog
no. 553926, BD PharMingen), rat IgG2b isotype control
(catalog no. 553985, BD PharMingen), or control rabbit IgG
(catalog no. X0903; DakoCytomation, Glostrup, Denmark)
followed by detection with fluorochrome-labeled goat anti-
rat antibodies (for F4/80 macrophages, CD4 T cells, and
c-Kit mast cells) or goat anti-rabbit antibodies (for TGF-�1
and TGF-�3) (Molecular Probes, Eugene, OR). Confocal
images of the stained sections were acquired with a Zeiss
LSM510-META laser-scanning confocal microscope (Carl
Zeiss MicroImaging, Inc., Thornwood, NY) configured with
appropriate excitation laser lines and emission filters. Se-
quential fluorescence excitation and detection was enabled
to minimize channel cross talk in multichannel images.

Image Analysis for Quantitation of TGF-�
Association with Mast Cells and Macrophages

Images from fluorescently stained tissues (as described
above) were analyzed using MetaMorph image analysis
software (Molecular Devices, Downingtown, PA).The c-kit
channel from each image was subjected to an open-close
filter and intensity-based thresholding to identify mast cells.
Regions were generated around identified mast cells and
transferred to the TGF-� channel, which was then subjected
to intensity-based thresholding as above. The total inte-
grated intensity of TGF-� staining above background was
measured for the entire image and for the regions repre-
senting mast cells and used to calculate the percentage of
TGF-� present within mast cells. The percentage of mast
cells positive for TGF-� staining was derived by summing
the number of mast cell-derived regions, which contained
some amount of TGF-� fluorescence and dividing by the
total number of regions.

Saliva Collection and Western Blot Analysis

Saliva was collected from untreated BALB/c mice by
repeatedly collecting fluid from underneath the tongue of
the animals using pipette tips. Saliva from three to five
mice was pooled and centrifuged at 500 � g. Superna-
tant was collected to remove any debris or cells that may
have been introduced during the collection process. The

Table 2. Pathology Scoring System

Score Criteria

Hyperplasia
0 No hyperplasia
1 Mild hyperplasia or two or fewer cysts

within the tongue
2 Moderate hyperplasia or two to three

large cysts within the tongue
3 Marked hyperplasia or four or more

cysts within the tongue
4 Neoplastic cellular proliferation

Inflammation
0 No inflammation
1 Scattered inflammatory cells
2 Moderate inflammation or a locally

extensive loose lichenoid infiltrate at
the junction of the mucosa and
submucosa

3 Marked and multifocal inflammation or a
moderately dense lichenoid infiltrate
multifocally obscuring the junction of
the mucosa and submucosa

4 Marked and diffuse inflammation or a
dense lichenoid infiltrate diffusely
obscuring the junction of the mucosa
and submucosa
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saliva was diluted using 4� sample buffer (Invitrogen,
Carlsbad, CA) and a 10� reducing reagent (Invitrogen).
Two hundred ng of active murine TGF-� (R&D Systems,
Minneapolis, MN) were treated in a similar manner and
included as a positive control. Samples were loaded onto
a 4 to 20% Tris-glycine gradient gel under reducing/
denaturing conditions. The gel was run at constant volt-
age (200 V) for an hour. Proteins were transferred to a
polyvinylidene difluoride membrane (1.5 hours at 250
mA, constant current). The membrane was blocked and
probed with a chicken anti-human TGF-�1 (R&D Sys-
tems) (100 ng/ml) for 1 hour at room temperature followed
by an anti-chicken horseradish peroxidase (Pierce, Rock-
ford, IL) detection antibody (diluted 1:20,000) for 1 hour
at room temperature. The bands were visualized using
enhanced chemiluminescence substrate followed by
20 seconds of film exposure.

Results

Chronic, High Doses of Neutralizing Anti-TGF-�
mAb Results in Weight Loss and Decreased
Food Intake

In a previous study we had observed moderate weight
loss in a subset (35%) of mice treated for 12 weeks with
the 1D11 pan neutralizing anti-TGF-� mAb. To more fully
understand the nature of this weight loss after long-term
treatment with high doses of this anti-TGF-� mAb, we
repeated and expanded on the original study by treating
BALB/c mice with the same dose (50 mg/kg) as well as
with a 10-fold lower dose (5 mg/kg) of the anti-TGF-�
mAb under the same dosing and timing regimen (three
times per week for 12 weeks). To examine whether the
adaptive immune system was playing a role in the weight

change, we also treated RAG-2KO mice (lacking mature
T and B cells) with 50 mg/kg under the same conditions
as for the BALB/c mice. Other groups of BALB/c and
RAG-2KO mice were concomitantly treated with corre-
sponding doses of isotype control mAb. After 7 weeks of
treatment, BALB/c mice treated with the high dose (50
mg/kg) of anti-TGF-� began to appear scruffy and dis-
played signs of lethargy. By the 12th week of treatment,
�60% of these mice had exhibited significant weight loss
that corresponded with decreased food intake (Figure 1,
A, B, and D). BALB/c mice treated with the lower dose of
anti-TGF-� (5 mg/kg) did not display a scruffy appear-
ance, weight loss, or decreased food intake throughout
the 12-week period of treatment (Figure 1, A and D).
Anti-TGF-�-treated RAG-2KO mice began to appear
scruffy by the 12th week of treatment, although these
mice exhibited neither weight loss (Figure 1, C and D)
nor a decline in food intake. Additional studies further
showed that chronic treatment with anti-TGF-� at 5 mg/kg
or 10 mg/kg for 20 weeks or 6 months, respectively, did
not result in any evidence of weight loss in the treated
animals (data not shown). Therefore, it appears that only
high doses (50 mg/kg) of anti-TGF-� mAb administered
for at least 8 weeks will result in weight loss that is likely
attributable to decreased food intake. Even at the high
doses however, this weight loss is only observed in a
portion of animals (35 to 60%) and does not occur either
in immunodeficient mice or in mice treated with lower
doses of the antibody (10 mg/kg or less).

Hematological and Clinical Chemistry
Parameters after Chronic Anti-TGF-� Treatment

Standard hematology (complete blood counts including
differential leukocyte counts) and serum chemistry anal-
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Figure 1. Weight loss and decreased food in-
take is observed in anti-TGF-�-treated mice.
Weight change and food intake after chronic
treatment (three times a week for 12 weeks)
with anti-TGF-� or control mAb was measured
as described in the Materials and Methods. A:
Weight change of BALB/c mice treated with 50
mg/kg or 5 mg/kg of anti-TGF-� or control
mAb. B: Weight change of individual BALB/c
mice treated with 50 mg/kg of anti-TGF-�. C:
Weight change of RAG-2KO mice treated with
50 mg/kg of anti-TGF-� or control mAb. D:
Changes in food intake for BALB/c mice treated
with 50 mg/kg or 5 mg/kg and RAG-2KO mice
treated with 50 mg/kg of anti-TGF-� as well as
corresponding groups given the same doses of
control mAb.
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ysis was also performed in an attempt to determine
whether the anti-TGF-� treatment alters hematological or
clinical chemistry parameters that might indicate the
cause of the weight loss observed in the mice treated
with high doses of anti-TGF-�. Extensive hematological
analysis only revealed a twofold elevation in average
number of neutrophils in the 50 mg/kg anti-TGF-�-treated
BALB/c mice and a twofold increase in average number
of monocytes in the 50 mg/kg anti-TGF-�-treated RAG-
2KO mice (data not shown). These findings were thought
to be most consistent with a nonspecific stress re-
sponse.18 Serum chemistry parameters were within the
normal range in all treated animals. These findings dem-
onstrate that high-dose TGF-� neutralization is not asso-
ciated with any marked changes in hematological or
serum chemistry parameters.

Chronic Anti-TGF-� Treatment Results in
Unique Pathology within the Oral and
Esophageal Tissues

Our earlier study had examined a limited set of thoracic
and abdominal tissues histologically and found no signif-
icant changes.15 However, because the previous and
present studies did not reveal any immune, hematologi-
cal, or clinical chemistry parameters that would explain
decreased food intake leading to weight loss in the high-
dose (50 mg/kg) anti-TGF-� treated mice, we performed
a more extensive histopathological analysis that, in addi-
tion to those organs examined in the previous study,
included mesentery, thymus, adrenal glands, pancreas,
tongue, esophagus, stomach, duodenum, jejunum, ileum,
cecum, colon, rectum, skeletal muscle, sternum with
bone marrow, brain, and myocardium. In addition, the
maxilla was removed from animals showing altered or
broken teeth. This broader pathological analysis uncov-
ered nonneoplastic epithelial hyperplasia and/or inflam-
mation in the oral and esophageal tissues but in no other
tissue examined (Figure 2).

Tongue sections from affected mice contained multi-
ple, variably sized epithelial cysts adjacent to the cranio-
ventral glossal surface that extended into the skeletal
muscle (Figure 2, A and B). These cysts were lined by
well-organized stratified squamous epithelium and con-
tained keratin (Figure 2C) and necrotic cellular debris.
Glossal submucosal regions of anti-TGF-�-treated nor-
mal mice were also infiltrated by small to moderate num-
bers of lymphocytes, macrophages, and neutrophils (Fig-
ure 2D). We were unable to find any description in the
literature of similar glossal cystic epithelial hyperplasia
under any disease setting, suggesting that this is a
unique and specific manifestation of TGF-� neutraliza-
tion. The incidence of tongue lesions was 100% in
BALB/c and RAG-2KO mice treated with the high dose
(50 mg/kg) anti-TGF-� three times per week for 12 weeks
and was 66% in BALB/c mice treated with the lower dose
(5 mg/kg) of anti-TGF-� throughout the same time period
(Figure 3, A and B). Tongue epithelial hyperplasia was
slightly more severe in 50 mg/kg anti-TGF-�-treated
BALB/c mice compared with 5 mg/kg anti-TGF-�-treated

BALB/c mice, suggesting a dose-dependent effect of
TGF-� antagonism on this pathology (Figure 3, A and B).
Because the tongue epithelial hyperplasia was also
present in RAG-2KO mice treated with anti-TGF-�, this
indicates that this lesion is T- and B-cell-independent.

In esophageal lesions, the submucosa contained a
moderate to marked inflammatory infiltrate consisting of
lymphocytes, neutrophils, macrophages, and eosinophils
(Figure 2, E–G). The esophageal mucosal epithelium was
variably hyperplastic, and in rare sections, the mucosal
epithelium contained small subcorneal pustules filled
with neutrophils, eosinophils, and necrotic cellular debris
(Figure 2H). The incidence of esophageal lesions was 77
to 80% in BALB/c mice treated with either 50 or 5 mg/kg
of anti-TGF-�, but esophageal lesions were minimal or
not seen in RAG-2KO mice, indicating that this change is
dependent on the presence of T and B cells (Figure 3, C
and D). The similar incidence and severity of esophageal
lesions in both dose groups also suggests that these
changes are not dose-dependent. Immunostaining for
CD4� T cells and macrophages in the esophagus also
demonstrated increases in these cell types after chronic
TGF-� neutralization (data not shown) suggesting a T-
cell-mediated inflammatory response. Naturally occur-
ring inflammation and circumferential epithelial hyper-
plasia in the mouse esophagus are very rare,19 and
thus, these changes are likely attributable to the anti-
TGF-� treatment. This supposition is further supported
by descriptions of esophageal inflammation in TGF-�1
KO mice.7,8

During our examinations, one mouse with incisor tooth
breakage was noticed at the termination of the study, and
therefore, the maxilla was removed for histological eval-
uation. Microscopically, hyperplasia of the proximal gin-
giva and anchoring epithelium was associated with the
broken incisor teeth (Figure 2, I–L). The periodontal liga-
ment was infiltrated by small numbers of neutrophils ad-
mixed with fewer numbers of macrophages, plasma
cells, and lymphocytes. The enamel space and dentin
tissue exhibited markedly irregular contours. Unfortu-
nately, maxillary tissues were not collected from most of
the animals in these studies, but in a subsequent study,
similar dental changes were seen in 60% of BALB/c mice
treated with doses of anti-TGF-� in excess of 50 mg/kg
for 12 weeks (data not shown). TGF-� is known to play a
key role in the formation and homeostasis of dental tis-
sues,20–22 and mouse incisors may be particularly sus-
ceptible to changes in TGF-� levels because these teeth
grow continuously throughout the life of the animal.20

Thus, our findings support the idea that dental tissues
in mice are also particularly susceptible to TGF-�
neutralization.

Because the lesions we observed appeared to be
restricted to keratinized, stratified squamous epithelium-
lined mucosal surfaces, we also examined the vagina,
another mucosal surface lined by keratinized, stratified
squamous epithelium. Mild vaginal epithelial hyperplasia
and mucosal and submucosal inflammation were noted
at equal incidence in mice from all treatment groups
(data not shown). Because of the similarity of incidence
among treatment groups as well as the potential for es-
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trus cycle stage to affect vaginal histology,23 we were
unable to determine whether these changes resulted
from anti-TGF-� treatment.

Oral and Esophageal Pathology Persisted after
Cessation of Anti-TGF-� Treatment

Given the high incidence and severity of the lesions in the
oral cavity and esophagus as well as their likely effect on
food intake, we were interested in whether cessation of
anti-TGF-� treatment would result in resolution of these
lesions. BALB/c mice in this study were treated with an
intermediate dose of anti-TGF-� (10 mg/kg) for 12 weeks
and then evaluated immediately or 4, 8, or 12 weeks after
cessation of treatment. Tongue lesions were present in
90% of mice sacrificed at the end of the 12-week treat-
ment period, and there was no evidence of diminution in
severity or incidence throughout time after the cessation

of treatment. In fact, higher hyperplasia scores were
noted in the 4- and 12-week recovery groups compared
with the group euthanized immediately after treatment
cessation (Figure 4, A and B). Average esophageal hy-
perplasia and inflammation reached a maximum 4 weeks
after treatment cessation, followed by a reduction in the
8- and 12-week recovery groups (Figure 4, C and D).
However, the circulating levels of anti-TGF-� remain high
for a period of time after cessation of treatment and we
found that serum levels of the anti-TGF-� mAb did not
decrease to background levels until 10 weeks after the
last treatment (serum anti-TGF-� levels after treatment
cessation were as follows: 0 weeks: 411.79 � 101.77
�g/ml, 1 week: 381.97 � 133.54 �g/ml, 2 weeks: 298.17 �
93.11 �g/ml, 3 weeks: 143.50 � 46.41 �g/ml, 4 weeks:
70.16 � 47.74 �g/ml, 5 weeks: 51.02 � 45.70 �g/ml, 6
weeks: 12.72 � 5.18 �g/ml, 7 weeks: 11.71 � 11.12
�g/ml, 8 weeks: 3.35 � 1.87 �g/ml, 9 weeks: 2.06 � 1.00

Figure 2. Oral and esophageal pathology after chronic treatment of BALB/c mice with anti-TGF-�. Representative images are shown of H&E-stained sections of
tongue (A–D), esophageal (E–H), and dental tissues (I–L) from BALB/c mice treated with 50 mg/kg of anti-TGF-� or control mAb three times a week for 12 weeks.
Tissues were prepared and stained as described in the Materials and Methods. A, E, I: Tissue sections from control mAb-treated mice. B–D: Tongue section from
mice treated with anti-TGF-�. B: Epithelial cysts of differing sizes were often present within the skeletal muscle of the tongue (arrow). C: Epithelial cysts in the
tongue were lined by stratified squamous epithelium and contained keratin (arrow). D: Glossal inflammation consisted primarily of lymphocytes and
macrophages in the submucosa (arrow). F–H: Esophageal sections from mice treated with anti-TGF-�. F: Rare cysts lined by stratified squamous epithelium and
containing keratin (arrow) were present within the submucosa of the esophagus. G: Inflammatory infiltrates within the submucosa of the esophagus consisted
primarily of lymphocytes and macrophages (arrow). H: Mild epithelial hyperplasia is present within the esophageal mucosa, and a dense inflammatory infiltrate
is present within the superficial submucosa (arrow). J–L: Gingival/dental sections from mice treated with anti-TGF-�. J: Hyperplasia of the gingival-attaching
epithelium was present (arrow). K: Rare pustules (arrow) containing necrotic cells and neutrophils were present within the hyperplastic gingival epithelium. L:
The dentin (arrow) and enamel space exhibited a loss of normal smooth contour, consistent with dental dysplasia. Magnification is indicated within each image.
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�g/ml; levels in several mice were below the lower limit of
quantitation of 0.56 �g/ml at 10 weeks and later). Given
the high doses of antibody used and extended presence
of the antibody in serum, it remains possible that addi-
tional recovery time may be necessary to observe reso-
lution of these lesions, however, our findings indicate that
they are not readily reversible under the conditions of the
current study.

Strain Specificity of Tongue and Esophageal
Lesions after Chronic Anti-TGF-� Treatment

To determine whether the development of tongue and
esophageal pathology after chronic anti-TGF-� treatment
would also develop in other strains of mice, we treated
C57BL/6, SV129, and DBA/2 mice, in addition to BALB/c
mice with 10 mg/kg of anti-TGF-� for 12 weeks. Com-
pared with the BALB/c mice, tongue hyperplasia and
esophageal inflammation was milder and less common in
C57BL/6 mice (Figure 5, A and B). Although SV129 mice
exhibited less incidence and severity of tongue hyperpla-
sia compared with BALB/c mice, they showed a greater
incidence and severity of esophageal hyperplasia and
inflammation (Figure 5, C and D). DBA/2 mice exhibited
uncommon, mild lesions in the tongue and esophagus.
Thus, all strains of mice examined did show the propen-
sity to develop oral and/or esophageal lesions under the
conditions tested, but were found to a lesser degree than
in BALB/c mice. Similar to BALB/c mice, the other strains

of mice did not exhibit significant lesions in any other
organ examined.

Increased Basal Expression of TGF-� in Tongue
and Esophageal Tissues as Well as in Saliva

Because the appearance of lesions in mice chronically
treated with anti-TGF-� appeared to be restricted to the
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Figure 4. Persistence of tongue and esophageal lesions after treatment ces-
sation. Tongue and esophageal sections from BALB/c mice that were treated
three times a week for 12 weeks with 10 mg/kg of anti-TGF-� followed by
recovery periods of 0, 4, 8, or 12 weeks after discontinuation of treatments
were scored by a veterinary pathologist according to the criteria outlined in
Table 2. Graphs represent scores of individual mice in each treatment group
for tongue hyperplasia (A), tongue inflammation (B), esophageal hyperplasia
(C), and esophageal inflammation (D). Means of the data are also indicated.Figure 3. Tongue and esophageal hyperplasia and inflammation in mice

treated chronically with anti-TGF-�. Tongue and esophageal sections from
BALB/c and RAG-2KO mice that were treated three times a week for 12
weeks with either 50 or 5 mg/kg of anti-TGF-� or control mAb were scored
by a veterinary pathologist according to the criteria outlined in Table 2.
Graphs represent scores of individual mice in each treatment group for
tongue hyperplasia (A), tongue inflammation (B), esophageal hyperplasia
(C), and esophageal inflammation (D). Means of the data are also indicated.
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Figure 5. Strain differences in tongue and esophageal lesions after chronic
treatment with anti-TGF-�. Tongue and esophageal sections from BALB/c,
C57BL/6, SV129, and DBA/2 mice that were treated three times a week for 12
weeks with 10 mg/kg of anti-TGF-� were scored by a veterinary pathologist
according to the criteria outlined in Table 2. Graphs represent scores of
individual mice in each treatment group for tongue hyperplasia (A), tongue
inflammation (B), esophageal hyperplasia (C), and esophageal inflammation
(D). Means of the data are also indicated.
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tongue and esophagus, we were interested in whether
differential TGF-� expression in these tissues was a po-
tential cause of enhanced susceptibility to TGF-� antag-
onism. We performed immunofluorescent staining for ac-
tive TGF-� isoforms 1 and 3 on tongue, esophagus, skin,
liver, and small and large intestine, as well as Western
blot analysis for TGF-�1 in the saliva of untreated BALB/c
mice in an attempt to determine whether there might be
increased levels of active TGF-� specifically within oral
and esophageal sites. By immunofluorescent analysis,
we were able to demonstrate moderate to strong TGF-�1
(Figure 6, A–C) and TGF-�3 (data not shown) staining in
the submucosa of the tongue and esophagus, whereas
liver (data not shown) and small and large intestine sec-
tions (Figure 6, E and F) stained similarly to control mAb
stained tissues. We also found moderate positive staining
in the dermis of skin sections (Figure 6D).

In addition to the tongue and esophagus, TGF-�1 was
also detected in the saliva of untreated BALB/c mice
(Figure 7). Densitometric analysis using various amounts
of TGF-� determined the levels in saliva to be �135
ng/ml, which are considerably higher than levels reported
in other biological fluids in mice (plasma, �4 ng/ml; am-
niotic fluid,: �1 ng/ml).24,25 Although the antibody used
to detect TGF-� in the tissues is specific for active TGF-�,
it is possible that TGF-� in saliva is in the latent form and
is activated during the Western blot analysis. Enzyme-
linked immunosorbent assays to detect active or total
TGF-� in saliva were not possible because of interference
of saliva on detection of TGF-� in these assays.26 Nev-
ertheless, the presence of higher levels of active TGF-� in
these oral and esophageal tissues as well as the dem-
onstration of TGF-�1 within the saliva may contribute to
the increased susceptibility of the oral and esophageal
tissues to epithelial hyperplastic and inflammatory lesions
after systemic TGF-� neutralization.

Co-Localization of TGF-� Expression in Tongue,
Esophagus, and Skin with Mast Cells

Because the TGF-� immunostaining of the tongue and
esophagus from normal mice appeared to localize within
discrete cells rather than staining diffusely throughout the
tissues, we further explored whether this TGF-� expres-
sion was associated with a particular cell type. By con-
focal microscopy, we evaluated co-localization of the
TGF-�1 staining with macrophages, CD4� T cells, CD8�

T cells, and mast cells in the tongue, esophagus, skin,
liver, and intestines. We found no evidence of co-local-
ization of TGF-�1 with either CD4 or CD8 T cells and only
minimal co-localization of TGF-�1 with macrophages
(Figure 8, D–F). In contrast mast cells within the submu-

Figure 6. Greater basal TGF-�1 expression in
tongue, esophageal, and skin tissues in un-
treated BALB/c mice. Representative images are
shown of isotype control-stained and TGF-�1-
stained untreated BALB/c mouse tissues per-
formed as described in the Materials and Meth-
ods. A: Isotype control-stained tongue section.
B–F: TGF-�1-stained sections of tongue (B),
esophagus (C), skin (D), small intestine (E), and
large intestine (F). Positive staining is green and
is indicated with arrows. All images were ac-
quired with a �20 0.7NA objective lens and are
shown at the same magnification.

Figure 7. Presence of TGF-�1 in saliva from untreated BALB/c mice. West-
ern blot analysis was performed on 7.5 �l of normal mouse saliva for TGF-�1
as described in the Materials and Methods. Molecular weight markers
(MWM) and purified active TGF-�1 as a positive control were also run on
the same blot.
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cosa of the tongue, esophagus, and dermis co-localized
with TGF-�1 staining in all mice examined (Figure 8, A–C,
and H; and data not shown).

Quantitation of the TGF-� co-localization with mast
cells in the tongue determined that more than 90% of the
mast cells express detectable TGF-� staining and �50%
of the TGF-� is localized within mast cells. Because of
significant autofluorescence arising from muscle fibers
within the tissue, which cannot be eliminated using inten-

sity-based thresholding, our measurements certainly un-
derestimate the amount of TGF-� present within mast
cells. Although there is some imprecision in the morpho-
metric analysis, it should be emphasized that 50% of the
TGF-� staining observed within the lamina propria was
localized within a single cell type, which represents a
small percentage of the tissue both in terms of mass and
cell number. It was difficult to quantify the exact amount
of TGF-� co-localization within macrophages because of

Figure 8. TGF-� co-localization with mast cells in tongue, esophagus, and skin from untreated BALB/c mice. Tissues from untreated BALB/c mice were double
immunostained for TGF-�1 in combination with markers for various cell types as described in the Materials and Methods. A: Single stains of TGF-�1 in tongue
sections. B: Single stains of mast cells (c-Kit) in tongue sections. C: Merged image of TGF-�1 and c-Kit staining in the tongue section. D–F: Double staining for
TGF-�1 and CD4 T cells (D), CD8 T cells (E), and macrophages(F4/80) (F) in tongue sections. G–I: Double staining of TGF-�1 and mast cells (c-Kit) in the small
intestine (G), skin (H), and liver (I) tissue sections. In all images, green indicates TGF-�1 staining, red indicates the specific cell type staining, blue indicates DAPI
or nuclear staining, and yellow indicates co-localization of TGF-� and the specific cell types stained. Co-localization is indicated with arrows. All images were
acquired with a �20 0.7NA objective lens and are shown at the same magnification.
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poor signal-to-noise ratios, but the relative amount
within macrophages appeared small compared with
the amount of TGF-� present within mast cells. The
remaining TGF-� (not associated with mast cells or
macrophages) appeared diffusely dispersed through-
out the tissue sections.

The expression of active TGF-�1 by mast cells in nor-
mal mice also appears to be restricted to the tongue,
esophagus, and skin (Figure 8, A–I; and data not shown)
because even though mast cells were detected in the
intestines, they did not show any evidence of TGF-�
expression (Figure 8G). Thus, the elevated TGF-� ex-
pression observed in normal tongue, esophagus, and
skin predominately co-localizes with mast cells suggest-
ing that these cells may be responsible for the TGF-�-
mediated homeostasis in the oral cavity and esophagus
of normal mice.

Discussion

In this series of studies, we examined the effects of
chronic, antibody-mediated TGF-� neutralization in mice.
Our findings demonstrate that a subset of BALB/c mice
treated with high doses (�10 mg/kg) of anti-TGF-� begin
to exhibit lethargy and progressive weight loss that cor-
relates with diminished food intake starting 8 weeks after
the onset of treatment. We were able to rule out the
influence of hematological and serum chemistry param-
eters on the development of these symptoms and have
previously reported that there is no evidence of systemic
immune dysregulation in these animals.15 However, ex-
tensive histopathological analysis revealed that the anti-
TGF-�-treated mice develop profound and persistent
nonneoplastic epithelial hyperplasia and inflammation af-
fecting the oral cavity and esophagus, but in no other
tissues examined. On further investigation into the un-
usual and restricted location of these lesions, we found
that mice under normal conditions have TGF-� in their
saliva and show greater expression of active TGF-� that
co-localizes predominately with mast cells in tongue and
esophageal tissues compared with other mucosal tis-
sues. Taken together, the susceptibility of these tissues to
systemic TGF-� neutralization may be attributable to a
TGF-�-dependent homeostatic role of mast cells within
these tissues and/or dual TGF-� neutralization effects
through tissue and salivary sources.

The appearance of lesions in the oral cavity and
esophagus may have resulted in painful mastication, and
it is likely that these lesions are the cause of the de-
creased food intake and subsequent weight loss. It is
notable that decreased food intake and weight loss were
not seen in RAG-2KO mice, which exhibited severe
tongue hyperplasia but lacked significant esophageal
pathology. In addition, decreased food intake and weight
loss were not seen in low-dose-treated BALB/c mice,
which exhibited similar esophageal pathology to the
high-dose-treated BALB/c mice but less severe tongue
hyperplasia. Furthermore, it is unlikely that lesions severe
enough to cause decreased food intake and weight loss
develop later with the lower dose because extended

treatments did not result in weight loss or diminished food
intake. As a result, it seems most likely that decreased
food intake and weight loss are attributable to the addi-
tive severity of lesions affecting both the tongue and
esophagus.

The restricted location of the lesions we observed in
mice chronically treated with anti-TGF-� is surprising
given the wide range of TGF-� activities and the systemic
immune dysregulation seen in genetically manipulated
mice with functional TGF-� inactivation.7–9 However, the
manifestation of the lesions in our studies as epithelial
hyperplasia and inflammation is consistent with the
clearly established role of TGF-� in the regulation of
epithelial cell growth and inflammatory responses. Epi-
thelial cell proliferation is inhibited by TGF-� through
arresting the cell cycle in the G1 phase,27–29 and TGF-�
has been demonstrated to control the development and
function of immune cell types including dendritic, Lang-
erhans, and B cells, as well as subsets of T cells.1,30–32

Additionally, the increased sensitivity in BALB/c mice with
regard to overall incidence and severity of lesions after
anti-TGF-� treatment is also consistent with reports that
BALB/c mice are the most susceptible to immune pathol-
ogy in TGF-� gene knockout mice.33 Thus, although our
findings in mice treated chronically with neutralizing anti-
TGF-� are unique given the absence of a multiorgan
inflammatory syndrome, the appearance of epithelial hy-
perplasia and inflammation, albeit restricted to the oral
cavity and esophagus, is consistent with established bi-
ological activities of TGF-�.

Previous studies have demonstrated that the multior-
gan inflammation and early mortality of the TGF-�1-null
mouse is dependent on the presence of lymphocytes
because crossing the TGF-�1-deficient mice onto a T-
and B-cell-deficient background (scid) results in survival
of the animals into adulthood.34 It is important to note that
in our studies, cystic epithelia hyperplasia within the
tongue of mice treated with anti-TGF-� occurs inde-
pendently of mature T and B cells because RAG-2KO
mice developed these lesions at the same incidence
as BALB/c mice. However, and perhaps not surpris-
ingly, esophageal inflammation was minimal in the
RAG-2KO mice treated with anti-TGF-�. Furthermore,
the mild esophageal hyperplasia noted in anti-TGF-�-
treated BALB/c mice but not in RAG-2KO mice sug-
gests that this change might be secondary to esoph-
ageal inflammation. As a result, it appears that the
inflammatory component of the oral and esophageal
pathology noted after anti-TGF-� treatment is T- and
B-cell-dependent, whereas the tongue hyperplasia is
T- and B-cell-independent.

It was also surprising that the profound lesions in the
oral and esophageal mucosa did not extend further into
the gastrointestinal tract, given the purported role of
TGF-� in these tissues.14,35–37 However, even under con-
dition of genetic TGF-�RII deficiency in the intestinal
epithelia, effects of this deficiency were only noted after
the induction of colitis,14 supporting the idea that TGF-�
is not required to maintain normal homeostasis of the
intestinal epithelium. One reason for this difference be-
tween gut and oral mucosa could be attributable to the
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higher proliferation rates of murine oral mucosa prolifer-
ation compared to skin or intestinal mucosa.38,39 Thus, it
is possible that the oral and esophageal mucosa require
the higher basal expression of TGF-� that we observed in
normal mice to regulate this proliferation. This require-
ment for constant expression of TGF-� could predispose
oral and esophageal tissues to the formation of hyper-
plastic lesions in the absence of TGF-� to a greater
degree than intestine or skin. Although we also found
increased expression of active TGF-� in the skin, we did
not see lesions in the skin of antibody-treated mice, sug-
gesting that TGF-� may not be as important for regulation
of epithelial proliferation in this tissue, given the lower
proliferation rates of the skin compared with the oral
mucosa. Therefore, part of the reason for the tissue re-
striction of lesions in antibody-mediated neutralization of
TGF-� in mice could be attributable to differences in the
requirements for TGF-� expression to regulate epithelial
proliferation.

The presence of TGF-� in the saliva provides addi-
tional rationale for increased susceptibility of the oral and
esophageal mucosa, as well as the teeth, to anti-TGF-�-
induced lesions because not only are there higher levels
of active TGF-� expression within these tissues, but these
tissues are also bathed in saliva containing additional
TGF-�. A dual-exposure hypothesis has been suggested
for gingival hyperplasia observed with other compounds,
such as cyclosporine A, phenytoin, and nifedipine in
which these compounds can exert effects on the gingiva
through both the tissue vasculature as well as the sali-
va.40,41 If applied to our system, the oral cavity and
esophagus are doubly exposed to TGF-� under normal
conditions, and the neutralizing effects of systemically
administered anti-TGF-� could be exerted through both
the bloodstream as well as through secretion in the sali-
va42 and/or neutralization within the salivary gland. This
hypothesis of both dual exposure and dual neutraliza-
tion effects in the oral cavity and esophagus is further
supported by the fact that although we did observe
active TGF-� expression within the skin, there were no
lesions found in this tissue after chronic administration
of anti-TGF-�. Taken together, these data suggest that
because oral and esophageal tissues are dually ex-
posed to the effects of TGF-� neutralization through
both the saliva and bloodstream, they may be more
susceptible to the complications arising when TGF-� is
systemically neutralized.

The appearance of lesions in the oral cavity and
esophagus after chronic anti-TGF-� treatment paired with
the expression of TGF-� by mast cells under normal
conditions in these same tissues suggests an interesting
role for mast cells in homeostasis specifically within these
tissues. Although mast cells are classically thought to be
involved in the initiation and potentiation of allergic and
anaphylatic responses,43 recent studies have also dem-
onstrated that mast cells can contribute to immunosup-
pression under a variety of conditions, including contact
hypersensitivity reactions or inflammation after exposure
to UV irradiation,44 immunosuppression in the skin after
UV irradiation,45 glomerulonephritis,46 and the induction
of tolerance in a model of skin transplantation.47 IL-10

production by mast cells was found to be a critical factor
for limiting contact hypersensitivity inflammatory respons-
es,44 but to our knowledge TGF-� production by mast
cells has not yet been demonstrated to participate in
these immunosuppressive activities. Although TGF-� can
be produced by mast cells, this has been suggested to
be detrimental in disease conditions such as scleroder-
ma48 or porphyria cutanea tarda.49 We are also unaware
of mast cell-deficient mice on strain backgrounds that
show significant pathology in the tongue or esophagus
after anti-TGF-� treatment making it difficult to formally
test the role of mast cells in the pathology we observe.
Nevertheless, the studies reported here provide evi-
dence that mast cells, via production of TGF-�, may
promote homeostasis under normal conditions in the oral
cavity and esophagus.

The systemic homeostatic role of TGF-� related to
control of cell proliferation, differentiation, activation,
and survival (in the context of immune function, epithe-
lial cell proliferation, and hematopoiesis) revealed in
mice genetically deficient in TGF-� or TGF-� signaling
was not observed in our studies with antibody-medi-
ated neutralization. The reason for this observation is
unknown but may reflect simple physical steric hin-
drance or lack of accessibility of the anti-TGF-� bind-
ing to the mature form of the TGF-� protein during its
activation and receptor binding. Decreased accessi-
bility of the antibody to tissues such as the skin may
also explain the lack of pathology seen in this tissue
after chronic TGF-� neutralization. It is also possible
that very small amounts of TGF-� can maintain the
natural homeostasis in antibody-treated mice, but not
in genetically manipulated mice in which TGF-�1 or the
functioning of the TGF-�RII are completely inactive. In
addition, there is evidence that TGF-� may be active
and perform important functions within cells, including
stabilization of mitochondrial membrane potential that
prevents T-cell apoptosis.50 Thus, neutralization of only
extracellular, active TGF-� by the antibody treatment
may spare these important intracellular functions of
TGF-� that protect the host from development of sys-
temic pathologies. Any or all of these possibilities
could explain the differences we see between anti-
body-mediated TGF-� neutralization compared with
genetic inactivation of TGF-� or its receptor.

In summary, we demonstrate that BALB/c mice treated
chronically with high doses of neutralizing anti-TGF-�
develop persistent epithelial hyperplasia and inflamma-
tion affecting the tongue and esophagus, as well as
gingival hyperplasia and dental dysplasia in the region of
the maxillary incisor teeth. Basal TGF-� expression by
mouse mast cells in oral and esophageal tissue as well as
the presence of TGF-� in saliva support a hypothesis in
which mast cell-derived TGF-� and/or exposure of these
tissues to TGF-� in saliva is required for regulation spe-
cifically within these tissues. Collectively, these findings
demonstrate a critical role for TGF-� in the maintenance
of homeostasis specifically within oral and esophageal
tissues of mice.
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