American Journal of Pathology, Vol. 154, No. 4, April 1999
Copyright © American Society for Investigative Pathology

Morphological, Histochemical,
Immunohistochemical, and Ultrastructural
Characterization of Tumors and Dysplastic and
Non-Neoplastic Lesions Arising in BK Virus/tat

Transgenic Mice

Giuseppe Altavilla,* Cecilia Trabanelli,

Michela Merlin," Antonella Caputo,"

Massimo Lanfredi,* Giuseppe Barbanti-Brodano,"
and Alfredo Corallini

From the Institute of Pathologic Anatomy and Histology,*
University of Padova, Padova, the Department of Experimental
and Diagnostic Medicine," Section of Microbiology and the
Interdepartment Centre for Biotechnology, and the Department of
Biology,* Evolutionary Biology Branch, Universily of Ferrara,
Ferrara, Italy

To study the role in AIDS pathogenesis of the human
immunodeficiency virus type 1 (HIV-1) Tat protein, a
transactivator of viral and cellular genes, we gener-
ated transgenic mice with a recombinant DNA con-
taining BK virus (BKV) early region and the HIV-1 tat
gene, directed by its own promoter-enhancer. DNA
hybridization revealed that the transgene is stably
maintained in all organs of transgenic mice as a tan-
dem insertion in a number of copies ranging from 5
to 20 per cell. In addition, tat and BKV RNA were
expressed in all tissues. Transgenic mice developed
three types of lesions: 1) tumors, 2) hyperplastic and
dysplastic lesions, and 3) non-neoplastic lesions. Tu-
mors of different histotypes, such as lymphomas,
adenocarcinomas of skin glands, leiomyosarcomas,
skin squamous cell carcinomas, hepatomas, hepato-
carcinomas, and cavernous liver hemangiomas, de-
veloped in 29% of transgenic animals. The majority of
tumors were malignant, invasive, and producing me-
tastases. Conversely, tumors of only two histotypes
(lymphomas and adenocarcinomas of skin glands)
appeared in control mice. Hyperplastic and dysplastic
lesions were more frequent in transgenic than in con-
trol mice and involved the skin or its adnexes, the
liver and the rectum, indicating multiple targets for
the activity of the transgene. Pyelonephritis, fre-
quently complicated with hydronephrosis, inflamma-
tory eye lesions, and amyloid depositions repre-
sented the most frequent non-neoplastic lesions
detected in transgenic mice. Many of the pathological

findings observed in this animal model are compara-
ble to similar lesions appearing in AIDS patients, sug-
gesting a relevant role for Tat in the pathogenesis of
such lesions during the course of AIDS. (4Am J Pathol
1999, 154:1231-1244)

Several types of tumors are associated to human immu-
nodeficiency virus type 1 (HIV-1) infection and AIDS."3
Epidemiological investigations established that non-
Hodgkin’s B-cell lymphoma (NHL) and Kaposi’s sarcoma
(KS) significantly increase in HIV-1-infected patients.*~©
Moreover, other tumors, such as basal cell and squa-
mous cell skin carcinoma, malignant melanoma, and car-
cinoma of the rectum and of the uterine cervix as well as
hepatocellular carcinoma are frequently present as a
complication of AIDS.” The lack of immune surveillance
that causes a state of severe immunodeficiency in HIV-1
infection and AIDS plays a major role in the induction of
these tumors. However, reactivation of latent viral infec-
tions may participate in AlDS-associated oncogenesis.
Indeed, Epstein-Barr virus is frequently reactivated in
NHL in AIDS patients,® and KS has been associated to
some viruses such as cytomegalovirus,® 2 retrovi-
ruses,'® human papillomavirus,'* > BK virus (BKV),'¢ 1
HHV-6,'° and HHV-8.2° Moreover, the Tat protein of
HIV-1 is involved in tumor pathogenesis in HIV-1-infected
patients. Tat is an early nonstructural protein necessary
for virus replication,?"?2 which is released by HIV-1-in-
fected cells®®24 and is taken up by uninfected cells.?>2¢
Tat induces growth, adhesion, migration, and invasion of
KS spindle cells?”° and is a heparin-binding angio-
genic growth factor involved in the development of
KS.2%:39 Experimental evidence also indicates that Tat
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regulates the expression of cellular genes, modulating
cell functions.®'33 Tat is highly angiogenic in vivo,3°3%
and transgenic mice expressing the tat gene develop
skin lesions closely resembling the early phases of
KS.35’36

In a previous study, transgenic mice were generated
by means of a recombinant DNA (pRPU3R-Tat) contain-
ing BKV early region and the HIV-1 tat gene, directed by
the HIV-1 long terminal repeat (LTR). BKV early region
encodes the viral T antigen (TAg), which is a potent
transcriptional activator of HIV-1 LTR, thus inducing ex-
pression of Tat in all organs and tissues of transgenic
mice. BKV/tat transgenic animals developed vascular le-
sions in the dermis, skin tumors, lymphomas, liver cell
dysplasia, and hepatocellular carcinoma.3® As an exten-
sion of our previous findings, in this study we have ana-
lyzed in detail the morphological, histochemical, immu-
nohistochemical, and ultrastructural characteristics of
tumors, of hyperplastic and dysplastic lesions, and of
non-neoplastic lesions arising in BKV/tat transgenic mice.

Materials and Methods

Recombinant Plasmid Containing the tat Gene
and BKV Early Region

The plasmid used to generate transgenic mice is
pRPU3tat.3® This recombinant DNA contains tat cDNA
directed by its own promoter-enhancer, the HIV-1 LTR. In
addition, it contains the complete BKV early region, con-
sisting of the coding sequences for large T antigen and
small t antigen as well as the early promoter and
enhancer, the replication origin, and poly A sequences.
This construct produces three mRNAs, one transcribed
from tat cDNA and two transcribed from BKV early re-
gion, expressing large T antigen and small t antigen,
respectively.

Transgenic Mice

The generation of BDF transgenic mice carrying BKV/tat
sequences has been previously described.®® Seven
founder mice were identified. Each founder gave rise to a
heterozygous transgenic mouse line by crossing initially
with normal BDF mice and then with heterozygous trans-
genic mice of the same lineage to obtain animals ho-
mozygous for the transgene. Homozygous transgenic
mice were later crossed with outbred CD1 mice, a strain
particularly sensitive to the effects of tat.3® Control ani-
mals were normal BDF mice and BDF crossed with
CD1 mice.

Animal Examination

Animals were routinely examined twice a week for the
appearance of symptoms, new phenotypes, and tumors.
All mice either died of natural causes or were sacrificed
for advanced symptoms or lesions and were subjected to

autopsy. Organs were taken for histological and histo-
chemical examination and for molecular studies.

Histological, Histochemical, and
Immunohistochemical Procedures

Tissue samples taken at autopsy were fixed in 10% for-
malin in phosphate-buffered saline (PBS) for 12 to 24
hours and embedded in paraffin. A fragment of each
sample was also cryopreserved at —80°C. Paraffin-em-
bedded sections (3 to 5 um) were stained with hematox-
ylin and eosin (H&E) and treated by periodic acid-Shiff
(PAS) reaction. Warthin-Starry silver stain®” was carried
out on ulcerative skin lesions. The avidin-biotin-peroxi-
dase complex (ABC) technique was used for the immu-
nohistochemical studies performed on paraffin sections.
The panel of antibodies used in this study included AE-1
and Cam 5.2 (anti-low molecular weight cytokeratins;
Dako, Glostrup, Denmark), S-100 (Dako), anti-a-actin
(Dako), HHF 35 (anti-actins), anti-desmin (Dako), anti-
vimentin (Dako), anti-light and -heavy immunoglobulin
chains (Dako), and anti-CD19, -CD20, -CD21, -CD45R,
and -CD45R0O (Dako). Briefly, after removal of paraffin
and rehydration, endogenous peroxidases were blocked
with 0.3% H,O, in methanol. Then the samples were
incubated with mouse or rabbit primary antibodies for 10
to 12 hours at 4°C. Biotinylated anti-mouse and anti-
rabbit immunoglobulins (Dako) were used as secondary
antibodies followed by incubation with avidin-biotin-per-
oxidase conjugates and development in diaminobenzi-
dine (Sigma Chemical Co., St. Louis, MO). Morphological
characterization of lymphomas was carried out accord-
ing to the Standard Murine Lymphoma Classification.3®
BKV TAg was detected on sections of frozen tissues by
indirect immunofluorescence using a first serum to TAg
derived from hamsters bearing tumors induced by BKV-
transformed cells and a second rabbit serum to hamster
IgG conjugated with fluorescein isothiocyanate.

Electron Microscopy

For ultrastructural investigations, tumors were fixed with
glutaraldehyde in PBS (0.2 mol/L, pH 7.2) for 8 hours,
post-fixed in 1% OsO, in PBS for 4 hours, dehydrated,
and embedded in Araldite. Ultrathin sections were
stained with uranyl acetate and lead citrate and then
examined in a Hitachi H-7000 electron microscope.

Southern Blot Hybridization and Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Southern blot hybridization was carried out according to
standard techniques,®® using BKV/tat (pRPU3Rtat) re-
combinant DNA as a probe labeled with 2P by nick
translation to a specific activity of 1 x 10° to 6 X 10°
cpm/ug, as previously reported.3®

RT-PCR was used for amplification of BKV early region
and tat, as previously described.®® Reverse transcription



of total cytoplasmic RNA was carried out with the com-
mercial kit provided by Invitrogen (San Diego, CA), ac-
cording to the manufacturer’s instructions. Two 23-mer
oligonucleotides (5-TAGGTGCCAACCTATGGAACAGA-3'
and 5-GAAAGTCTTTAGGGTCTTCTACC-3') were used to
amplify a 180-bp sequence of BKV early region, whereas a
21-mer oligonucleotide (5’-GAAGCATCCAGGAAGTCAGCC-
3’) and a 24-mer oligonucleotide (5'-ACCTTCTTCTTCTATTC-
CTTCGGG-3') were used to amplify a 239-bp sequence of
tat cDNA. The amplified products were hybridized with
an internal BKV DNA oligonucleotide probe (5’-AATCT-
TCATCCCATTTTTCA-3") or the complete tat cDNA la-
beled with 3P by polynucleotide kinase.3®

Results

Presence and State of the Transgene DNA and
Expression of tat and BKV Early Region in
Tissues of Transgenic Mice

To detect the transgene, DNA extracted from tails of the
seven founder mice was doubly digested with BamHI and
EcoRl, which produce four fragments on pRPU3Rtat, the
transgenic plasmid containing BKV early region and tat
DNA.2¢ The restricted DNAs were then subjected to
Southern blot hybridization. All founder mice showed the
presence of the four BamHI/EcoRI fragments and of ad-
ditional hybridization bands related to integration of
pRPUSRtat into flanking host DNA sequences (data not
shown). The molar ratio of the four restriction fragments,
measured by densitometric analysis, indicated a number
of pRPU3Rtat molecules ranging from 10 to 50 copies/
cell. Moreover, the results were suggestive of a single
integration even of multiple copies of pRPU3Rtat ar-
ranged in a tandem array. All generations of transgenic
mice obtained by mating animals belonging to the same
transgenic line stably maintained this hybridization pat-
tern. All tissues and organs in each transgenic line
showed the presence of the pRPU3Rtat DNA as tandem
insertions in a variable number of copies (5 to 20) per cell
(Figure 1). tat and BKV RNA were detected in all tissues
and in primary tumors of the transgenic mice by RT-PCR
(Figure 2, A and B) with the exception of lung, which was
negative for tat RNA. tat and BKV DNA and RNA were
never detected in normal control mice, as expected,
because mice, contrary to humans, do not bear a BKV
latent infection. In addition, polyoma virus, which pro-
duces a latent infection in mice, is not homologous to
BKV sequences. As previously reported,®® BKV TAg was
constantly detected by immunofluorescence as a nuclear
granular staining in tumors and organs (liver, lung, kid-
ney, brain, and skin) of transgenic mice (data not shown).

Phenotypes Manifested in BKV/tat Transgenic
Mice: Pathological Findings
A number of phenotypes were observed in homozygous

and heterozygous transgenic animals with no differences
between the two groups. A total of 171 transgenic mice
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Figure 1. Analysis of the presence of the pRPU3Rtat transgene DNA in tissues
of transgenic mice. Total cellular DNA (10 pg) was digested with BamHI and
EcoRI and analyzed by Southern blot hybridization. The double digestion
generates four fragments on pRPU3Rtat. Lane 1, control plasmid pRPU3Rtat
(10 genome equivalents per cell); lanes 2 to 9, DNAs from intestine, skin,
liver, lung, brain, kidney, stomach, and spleen, respectively. The position of
molecular weight fragments, derived by digestion of A-phage DNA with
Hindlll, is indicated on the left.

(135 BDF homozygotes and 36 BDF x CD1 hybrids) and
400 control animals were subjected to autopsy and his-
tological examination of all organs. All transgenic animals
were affected by lesions, whereas in BDF and BDF X
CD1 control mice, only 44 of 400 animals (11%) devel-
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Figure 2. Analysis of the expression of BKV early region and tat by RT-PCR.
RNAs were extracted from tissues and transcribed into ¢cDNA by reverse
transcription. The ¢cDNAs were amplified by PCR, migrated on 2% agarose
gel, and hybridized to a **P-labeled oligonucleotide probe internal to BKV
early region (A) or to a complete **P-labeled fat cDNA (B). A: Lane |, BKV
early region amplified as a control by RT-PCR from the T53 cell line, consti-
tutively expressing BKV TAg and tar*®; lane 2, kidney; lane 3, skin; lane 4,
lung; lane 5, brain; lane 6, liver. B: lane 1, fat amplified as a control by
RT-PCR from the T53 cell line; lane 2, kidney; lane 3, lung; lane 4, liver; lane
5, skin; lane 6, RT-PCR solution without RNA.
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Table 1. All Types of Lesions Observed in BKV//at Transgenic and Control Mice

Animals Transgenic mice with lesions Control mice with lesions
BDF 135/135 (100%) 38/316 (12.0%) P < 108
BDF x CD1 36/36 (100%) 6/84 (7.1%)P =10"2°
Total 171/171 (100%) 44/400 (11.0%) P < 108

P = probability by Fisher’s exact test.

oped lesions. A total of 282 and 68 lesions arose in
transgenic and control animals, respectively (Table 1).

Types of Lesions

The lesions observed in transgenic and in control mice
were grouped in three morphological categories: 1) tu-
mors, 2) hyperplastic and dysplastic lesions, and 3) non-
neoplastic lesions. This last group included two sub-
types: 1) specific lesions and 2) secondary lesions.
Specific lesions were observed almost exclusively in
transgenic animals, whereas secondary lesions were
caused by other illnesses such as chronic infections and
tumors or were unrelated to the experimental conditions
(spontaneous lesions).

Tumors

Fifty tumors (29.2%) were observed in transgenic mice
(Table 2), and more than one type of tumor was fre-
quently present in the same animal. The majority of the
neoplasms were malignant, invasive, and producing me-
tastases, except for benign hemangiomas of the liver. In
control animals, 15 tumors (3.7%) of only two histotypes
were found: adenocarcinomas of the skin glands and
lymphomas (Table 2). In control mice, lymphomas were
invariably detected in the oldest animals. In transgenic
and control animals, tumors appeared both in males and
females.

In transgenic mice, the skin with the adnexes, the eyes,
the liver, the rectum, and the lymphoid system were the
most frequently involved organs. These tissues also
showed hyperplastic and dysplastic alterations associ-
ated with tumors, and tumors manifested an early onset in
younger animals compared with control mice. These re-

Table 2. Tumors Observed in BKV/fat Transgenic and Control Mice

sults are consistent with a greater frequency and a wider
range of phenotypic alterations in transgenic mice than in
control mice.

Skin Adenocarcinomas

These tumors showed a nodular growth pattern with
great invasiveness in the adjacent tissues. The tumor
cells appeared undifferentiated with scarce basophilic
cytoplasm and enlarged hyperchromic nucleus (basaloid
cells, Figure 3A). Chromatin granules were adherent to
the nuclear membrane, and nucleoli were often evident.
PAS reaction for cytoplasmic mucins was constantly neg-
ative. More differentiated zones consisted of 1) tubular or
glandular structures lined by epithelial cells with apocrine
secretion features (cytoplasmic blebs of secretion) and
differentiation and 2) large cystic spaces resulting from
the confluence of glandular structures and sometimes
containing prominent papillae lined by epithelial apocrine
cells. The ratio between differentiated and undifferenti-
ated zones was variable with slight prevalence of the
undifferentiated ones. Immunohistochemical reactions
confirmed the histological diagnosis showing strong re-
activity to CAM 5.2, AE-1, and S-100 antibodies in the
cytoplasm of the neoplastic cells. Ultrastructural obser-
vations demonstrated numerous lumens lined by mi-
crovilli. The neoplastic cells showed blebbing apical cy-
toplasm and tight junctions of the membrane and
contained rough endoplasmic reticulum, mitochondria,
and large electron-dense secretory granules, 300 to 800
nm in size, that resembled lysosomes (Figure 3B). Skin
adenocarcinomas in control mice were very similar to
those observed in transgenic mice, except that they
appeared in a significantly lower proportion of animals
(Table 2).

Transgenic mice Control mice

Tumor histotype Number Percentage* Number Percentage*
Skin adenocarcinoma 13 7.6 6 15pP=10""
Skin squamous cell carcinoma 3 1.7
Leiomyosarcoma 10 58
Hepatoma/hepatocarcinoma 5 29
Liver hemangioma 4 2.3
Lymphoma 13 7.6 9 22pP=10"°
Lung carcinoma 1 0.6
Lipoma 1 0.6
Total 50 29.2 15 37P=10""

*The percentage is related to the total of transgenic mice (171) and control mice (400), respectively. P, probability by Fisher’s exact test.



Skin Squamous Cell Carcinomas

Three tumors of the skin observed in transgenic mice
belonged to this group; two were deeply located nodular
tumors, and one had a verrucous esophitic appearance.
Neoplastic cells situated in the periphery had scarce
basophilic cytoplasm and large hyperchromatic nuclei
like basal-type epidermal cells, tending to a progressive
maturation toward the center of the tumor nodule (Figure
3C). In the center of the tumor, where the differentiation
was completed, squamous cells, horny cysts, and keratin
scales were observed. One of the tumors presented
abrupt squamous maturation of the basal-like cells with a
large amount of keratinized necrotic cells and numerous
shadow cells often associated with an inflammatory re-
action with multinucleated reactive giant cells in the
stroma. Infundibular keratin cysts were associated with
this morphological pattern.

Leiomyosarcomas of the Skin

These tumors were found only in transgenic mice and
showed monotonous features and localization in the
deep dermis or hypodermis. Histologically, the tumors
were formed by spindle cell bundles irregularly oriented
and often interlaced with whirling features around the
vessels. The tumor cells showed spindle nuclei with
smooth borders (Figure 3F); their cytoplasm was large
with fibrillar eosinophilic structures and externally out-
lined by a thin PAS-positive basal lamina. Variations of
cell size and grading of differentiation were evident and
related to the mitotic activity that was very intense in the
zones where cytological atypias and bizarre plurinucle-
ated cells were more frequent. Infiltrative growth pattern
and invasion of the adjacent muscular and bone tissue
were independent from the differentiation. The tumor cell
immunophenotype showed reaction with the antibody
HHF-35 and with antibodies to actin, desmin, and vimen-
tin, according to the leiomuscular nature of these neo-
plasms. Electron microscopic examination showed an
undifferentiated pattern of tumor cells and constantly the
external basal lamina. Small and irregular bundles of
actin filaments sometimes running parallel to the long
axis of the cell were seen in the cytoplasm, with rare
dense bodies beneath the cytoplasmic membrane, typi-
cal of this type of tumor.

Hepatomas/Hepatocarcinomas

All five liver cell neoplasms observed had a nodular
architecture with a variable degree of differentiation from
the most differentiated adenoma-like to the most aggres-
sive tumors. No fibrous septa divided the neoplastic nod-
ules from the adjacent normal liver tissue (Figure 3D). The
most differentiated tumors were formed by epithelial
plates irregularly oriented and anastomosized, separated
by sinusoids and containing two or more hepatocyte-like
cells, simulating normal liver architecture (Figure 3E). In
the most undifferentiated zones, the cells showed
marked atypia (large amphophilic cytoplasm, vesicular
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nuclei and nucleoli), irregular vascularization with throm-
bosis, and frequent necrosis. Eosinophilic bodies were
frequently evident in the cytoplasm of the hepatocyte-like
tumor cells.

Cavernous Hemangiomas

This was the only benign tumor of the liver consisting of
irregular vascular lacunae, separated by hepatocyte
plates or by fibrous-myxoid septa lined by flat endothelial
cells, with luminal or mural thrombosis.

Lymphomas

The majority of these tumors involved abdominal lymph
nodes, spleen, sometimes liver, kidneys, lungs, and bone
marrow. Lymph nodes were enlarged and packed by
pericapsular extension of tumor proliferation. The spleen
showed doubled volume and on the cut surface numer-
ous white lymphoid nodules often fused together. White
neoplastic nodules were also found in the liver, kidneys,
and lungs. Histologically, lymphomas showed a diffuse
growth pattern with residual nodular features and con-
sisted of a mixture of follicular center cell types (Figure
3G). The neoplastic cells expressed CD19, CD20, CD21,
and CD45R (4KB5) B-cell-specific markers, confirming
that these tumors are B-cell follicular center lymphomas.
No differences were observed in cytological composition,
organ involvement, and diffusion between lymphomas of
transgenic mice and those of controls, except that lym-
phomas in control mice involved a significantly lower
percentage of animals (Table 2) and always appeared
later, in the oldest animals, as compared with transgenic
mice. These tumors in both groups of animals were fre-
quently associated with amyloid deposits in the spleen,
liver, and kidneys.

Hyperplastic and Dysplastic Lesions

A number of hyperplastic and dysplastic phenotypes
were histologically observed significantly more frequently
in transgenic animals than in controls (Table 3). Most of
these alterations involved the skin or its adnexes and
were obvious at birth or appeared later in life. Liver and
rectum were the other organs frequently involved. Except
for skin lesions, which were observed only in males, all of
the other alterations affected indifferently males and
females.

Skin Lesions in Transgenic Mice

A great number of transgenic animals were hairless at
birth and remained with scarce fur until 2 months of age.
Over denuded areas of the skin some of them developed
squamous cell hyperplasia and hyperkeratosis. Several
animals remained of small size and underdeveloped up
to 2 months of age. Other animals developed areas of
alopecia in specific sites, that is, on the back, nose, and
circularly around eyes in a spectacle-like fashion. Most
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Table 3. Hyperplastic/Dysplastic and Non-Neoplastic Lesions Observed in BKV/tat Transgenic and Control Mice

Transgenic mice Control mice
Hyperplastic/dysplastic lesions Number Percentage* Number Percentage*

Skin hyperplasia and neoangiogenesis 41 24.0 7 1.7P=10""
Skin, liver, and kidney cysts 20 11.6 1 02P=10"1
Liver hyperplasia and dysplasia 29 17.0 4 1.0P=10""
Rectum polyps and prolapse 16 9.3
Eye lesions 18 10.5 1 02P=10"°
Non-neoplastic lesions

Amyloidosis 51 29.8 26 65P =101

Hydronephrosis and pyelonephritis 32 18.7 13 32P=10"°

Myocardium infarct 16 9.3

Liver inflammation 13 7.6 1 02P=10"°

*The percentage is related to the total of transgenic mice (171) and control mice (400), respectively. P, probability by Fisher's exact test.

prominent was a thickening of the skin followed by ulcer-
ations, often associated with hemorrhages (Figure 4, A
and B). These lesions were more frequent and appeared
much earlier in cross-bred BDF X CD1 mice than in mice
of the BDF strain. Skin thickening and ulceration were
localized in the back of the animals and appeared exclu-
sively in males, both in BDF and BDF X CD1 cross-bred
mice, whereas all the other lesions affected indifferently
males and females. Trauma from fighting was excluded
as a cause of skin lesions because isolated animals also
had identical skin changes. All lesions described above
were reversible. The lesions lasted generally 1 to 2
months and then healed, and animals returned to normal-
ity. Even the most dramatic ulcerative lesions were com-
pletely cured. Histologically, we identified three evolving
steps, a short opening lesion, the ulcer, and a reparative
healing phase.

Opening Phase Lesions

The lesions preceding the skin ulcers appeared as
focal overgrowth of the epidermis with hyperkeratosis
and acanthosis and were constantly associated with in-
terstitial edema and myxoid change of the ground sub-
stance of perivascular and periadnexial spaces, causing
the detachment of the dermal/epidermal junction. A sub-
epidermal bulla was evident in the largest lesions. The
last phase consisted of detachment of skin strips (1 or 2
cm long) denuding the underlying dermis. The adjacent
capillaries were ectasic and the derma was edematous
without increase of inflammatory cells or fibroblasts.

Ulcerative Lesions

Overt skin ulcers presented with variable size and
extension into the dermis and sometimes into the hypo-
dermis. They were often covered by a thick crust or by a

necrotic exudate consisting of neutrophil leukocytes and
nuclear and keratin debris. The bed of the ulcers was
formed by granulation tissue with abundant capillaries in
a fibromyxoid background infiltrated by inflammatory
cells (macrophages, lymphocytes, and leukocytes) and
activated fibroblasts. Neoangiogenesis was very intense
during the first reparative phase simulating a neoplastic
Kaposi's sarcoma-like proliferation (Figure 4, C-E). The
lesions were characterized by dermal hypercellularity
consisting of a proliferation of spindle-shaped cells and
endothelial cells. The endothelial cells showed cytoplas-
mic vacuoles prone to fuse and to form a small lumen.
Slit-like spaces and round capillaries lined by a single or
two flat endothelial cells gradually appeared at the pe-
riphery of the lesions. In the more advanced ulcerative
lesions, inflammation was more evident and the repara-
tive granulation tissue, consisting of a neoformed capil-
lary network, was more prominent. The numerous fibro-
blasts interposed among the capillaries did not show
nuclear atypias or mitosis. The ratio and the distribution of
capillaries and fibroblasts showed a linear relationship
with the evolution of the lesions with a progressive in-
crease of the fibroblast bundles in the latest phases. The
regression phase was represented by a progressive de-
crease of blood capillaries and inflammation with in-
crease of collagen fibers.

Reparative Phase Lesions

Skin ulcers underwent complete reconstruction of the
epithelium, and this phase appeared as a flat or de-
pressed sub-atrophic lesion lined by hyperkeratotic epi-
dermis (Figure 4F). The underlying dermis developed a
reparative tissue consisting of fibroblast bundles with
irregular orientation and scarce capillaries, containing
residual inflammatory cells, such as macrophages,
sometimes melanophages, lymphocytes, and plasma

Figure 3. Tumors in transgenic mice: A: Poorly differentiated skin adenocarcinoma consisting of solid pseudo-papillary fronds. H&E; magnification, X63. B:
Ultrastructurally, the neoplastic cells show apocrine-type markers such as apical membrane bleb-like protrusions and secretory electron-dense granules. Pb&Ur;
magnification, X12,000. C: Skin squamous cell carcinoma characterized by cords and nests of basaloid cells with abrupt squamous differentiation. H&E;
magnification, X100. D: Hepatoma. No fibrous capsule separates hepatoma from normal liver parenchyma. Lobular architecture is lost, although hepatoma cells
are still arranged in plates surrounded by fibrous tissue containing capillaries but no sinusoids. E: Hepatocarcinoma cells are larger with atypical nuclei forming
glandular-like structures. H&E; magnification, X25 D and X160 (E). F: Skin leiomyosarcoma diffusely infiltrating dermis and hypodermis is formed by fascicles
of spindle cells with characteristic blunt nuclei. H&E; magnification, X100. G: Follicular center lymphoma of mixed cell type, consisting of a heterogeneous

lymphoid cell population and rich in mitoses. H&E; magnification, X250.
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cells, located in perivascular spaces. In numerous ani-
mals, persistent foci of inflammatory reaction were asso-
ciated with hair debris in the dermis. In the deep subcu-
taneous tissue, chronic suppurative inflammatory foci
with hair debris or with dilated hair infundibula were
sometimes found. These inflammatory lesions underwent
progressive substitution with reparative granulation tis-
sue and fibroblastic bundles with fibrous collagen tissue,
similarly to late cicatrization processes. Skin lesions, in-
dependently from the evolution, were frequently associ-
ated with hyperplastic and regenerative modifications of
the liver.

Skin Lesions in Control Mice

Only 7 (1.75%) control animals of the BDF strain
showed this type of lesion. The ulcers differed from the
lesions of transgenic mice for these characteristics: 1)
they never appeared at birth and always developed in
adult mice, both males and females; 2) the ulcers showed
abrupt onset with detachment and formation of skin flaps;
they progressively enlarged and were covered with ne-
crotic exudate; 3) the inflammations, likely due to bacte-
rial infections, were purulent in nature and seemed to
arise from the hair follicles with secondary confluence
and constant extension to the subcutis; and 4) reparative
granulation tissue appeared late, and all the reparative
phases had slow progression and long duration (Figure
4, G and H). During this phase, proliferation of fibroblasts
and myofibroblasts was not as intense as observed in
transgenic mice.

Cystic Lesions

Cysts of the skin, liver, and kidneys were observed
rather frequently (11.6%) in transgenic mice, whereas
they were uncommon (0.2%) in control animals (Table 3).
Cyst development may be related to a dissociation of cell
growth and differentiation, due to a delay in cell loss. In
the skin, the abnormal persistence of differentiated ele-
ments and the increased number of cells cause a pro-
gressive enlargement of the hair or gland infundibulum
up to the cyst development.

Liver Lesions in Transgenic Mice:
Hyperplastic/Dysplastic (H/D) Lesions of Hepatocytes

The overall normal liver architecture was not altered.
The H/D lesions were cytological alterations of hepato-
cytes evenly distributed and detectable only by micro-
scopic observation. No fibrous or wall delimitations could
be found, and the ratio between normal and H/D liver
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cells was variable in the animals examined. The nuclear
modifications found in mice with other pathological con-
ditions (hepatitis or amyloidosis) were not considered as
dysplastic and therefore are not evaluated in this section.
The H/D cells showed great polymorphism with intense
basophilic and larger cytoplasm (twice than normal),
central nuclei with prominent nucleoli, and chromatin
clumps with great variability in size (Figure 5, A and B).
These modifications were graded as follows: 1) low-
grade H/D lesions with slight increase in nuclear size up
to twice normal, scarce evidence of nucleoli, N/C ratio
lower than 1, and involvement of less than 50% of the
cells; 2) moderate-grade H/D lesions with increased nu-
clear size twice or more than twice normal, clear evi-
dence of nucleoli, and binucleation in more than 50% of
the cells; 3) severe-grade H/D lesions with prominent
variability of nuclear size and presence of bizarre and
giant nuclei in a background of cytological modifications
and N/C ratio greater than 1. Only the moderate and
severe grades of H/D alterations were considered to be
related to the transgenic phenotype, whereas the low-
grade H/D modifications were regarded as reactive con-
ditions. Additional findings were Kupffer cell hyperplasia
and occasional lymphocyte infiltrates in the portal space.
In the liver with hepatic tumors other than hemangiomas
the adjacent liver cells showed a variable grade of H/D
lesions from moderate to severe, suggesting that these
lesions may represent preneoplastic areas of the liver
where hepatomas and hepatocarcinomas started their
growth.

Liver Hyperplasia in Control Mice

Morphological alterations of hepatocytes similar to the
moderate-grade H/D lesions observed in transgenic an-
imals was found in four control mice (1%). More severe
alterations were never detected. Regenerative hyperpla-
sia with variable size of hepatocyte nuclei was regularly
associated with liver amyloidosis and phlogosis.

Rectum Lesions: Mucosal Polyps and Prolapse

Prolapses of the rectal mucosa caused pedunculated
polyps of 0.7 to 2.5 cm in length (peduncle of 0.3 to 0.5
cm) consisting of histologically exaggerated mucosal
outfolding with extrusion of muscularis mucosa and sub-
mucosa (Figure 5, C and D). The mucosa formed the
polyp head and the muscularis mucosa the peduncle.
Small superficial ulcerations were constantly found cov-
ered by necrotic exudate; the glands were elongated,
tortuously branched, and lined by eosinophilic and clear
mucinous cells. The basal regenerative part of the crypts

Figure 4. Hyperplastic and dysplastic skin lesions: A: Normal-haired skin of a control animal with numerous hair follicles in the dermis. H&E; magnification, X25.
B: Zone of alopecia in the skin of a transgenic mouse with complete absence of hair and with increased fibrous tissue in the dermis. H&E; magnification, X03.
C to F: Ulcerative lesions of the skin in transgenic mice. C: Opening phase with squamous cell hyperplasia of the epidermis and detachment of dermal/epidermal
junction. H&E; magnification, X250. D: Ulcerative phase with inflammatory infiltrate. H&E; magnification, X63. E: Proliferation of fibroblastic-like cells and
Kaposi-like neo-angiogenesis in the derma. H&E; magnification, X250. F: Reparative phase with complete re-epithelialization of the ulcer, disappearance of
inflammatory infiltrate and newly-formed capillaries by fibrous tissue. H&E; magnification, X63. G and H: Ulcerative skin lesions in control animals; ulcer of the
epidermis is covered by necrotic exudate and inflammatory suppurative infiltrate diffusely in the dermis and the hypodermis. H&E; magnification, X25. H: Residual

of hair follicle with features of suppurative folliculitis. H&E; magnification, X160.
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was not amplified, and the count of mitoses was normal.
Mucinous cells were more numerous in the superficial
zones of the hyperplastic crypts. Distribution of the hy-
perplastic glands was heterogeneous and always related
to the reparative and regenerative processes, secondary
to the mucosal ulcerations and probably triggered by the
intense lymphocyte and monocyte infiltrates. Bundles of
muscularis mucosa fibers and ectasic vessels were con-
stantly present in the stroma. These alterations were ob-
served only in transgenic animals (Table 3).

Adjacent Anal Skin

The anal orifice and the adjacent skin were lined by
hyperplastic squamous cell epithelium with acanthosis
and elongated, deep rete ridges; the dermis was edem-
atous and contained an increased amount of fibroblasts
and perivascular lymphocyte/monocyte cuffings (Figure
5G). Infundibular and pilo-sebaceous cysts were fre-
quently associated with rectal prolapses, often progress-
ing to suppurative abscesses. The cut surface appear-
ance of these lesions was very similar to infiltrative
neoplasia.

Eye Lesions

A substantial proportion of transgenic animals devel-
oped eye lesions that affected the lens, cornea, posterior
chamber, and retina with a degenerative process asso-
ciated with inflammation (Figure 5, E and F). The eye
disease became progressively more severe and most
often ended in blindness. The lens showed cataract for-
mation, and this alteration was often associated with cor-
neal ulcerations that were complicated by inflammation of
the iris and ciliary body. This last condition induced ret-
rocorneal fibrosis, lens dislocation, degeneration, and
disruption of iris tissue by infiltration of inflammatory cells.
The lesions of deep eye tissues involved detachment of
the retina, choroid hemorrhages, and inflammatory infil-
tration, with the features of an endo-ophthalmitis. Repar-
ative fibrosis followed as an end step with accumulation
of macrophages, melanophages, and hemosiderin gran-
ules and entrapment of retinal membrane fragments and
iris residuals.

Non-Neoplastic Lesions
Amyloidosis

Systemic amyloidosis represented the most frequent
non-neoplastic and nonspecific alteration observed in
transgenic as well as in control animals (Table 3). It was
always associated with chronic inflammation of the skin,
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kidneys, liver, or the pelvic organs in females. Amyloid
substance depositions were commonly found in the liver,
kidneys, and spleen and less frequently in the small
intestine wall and in lymph nodes. The most common
macroscopic aspect was organomegaly. In the liver,
amyloid accumulated in the Disse’s spaces causing
compression and atrophy of the liver cells. In kidneys,
amyloid deposition was observed in glomeruli and in the
wall of arterioles; in spleen, the amyloid appeared as an
interstitial accumulation of a hyaline substance around
the arterioles with complete distortion of the normal ar-
chitecture.

Chronic Inflammatory Lesions and Abscesses

Chronic suppurative inflammations were more frequent
in transgenic mice (up to 30%) than in control animals
(3.5%) and were more commonly localized in subcutis
and in the kidneys than in other sites (as the rare suppu-
rative salpingitis-oophoritis). Reactive systemic amyloid-
osis generally accompanied these suppurative lesions.
Subcutaneous abscesses were related to the secondary
inflammation of the infundibulum-sebaceous cysts and
were often localized in the posterior leg or in the perianal
region. Hydronephrosis was consistently associated with
inflammation and interstitial fibrosis of the kidneys; the
grade of parenchymal atrophy was variable, but some-
times severe (Figure 5G). Liver involvement in inflamma-
tory processes was generally observed as an infiltration
of portal spaces.

Heart Lesions

Symmetric left ventricular hypertrophy was more com-
mon in transgenic mice than in control animals; this con-
dition was generally associated with small fibrous scars
of the myocardium especially in animals older than 1
year. Large myocardial scars, a probable outcome of
myocardial infarction, with irregular shape, consisting of
fibrous tissue and residual perivascular inflammatory in-
filtration, were found only in transgenic mice (Figure 5H;
Table 3).

Discussion

The introduction of the pRPU3Rtat plasmid, containing
BKV early region and HIV-1 tat gene, into the mouse
germ line led to the development of seven lines of trans-
genic mice. Different phenotypes appeared in mice bear-
ing the BKV/tat transgene independently from homozy-
gosis (BDF1) or heterozygosis (BDF1 X CD1) of the
transgenic strains. These phenotypes included tumors as

Figure 5. Hyperplastic/dysplastic and non-neoplastic lesions in transgenic mice. A and B: Hyperplastic/dysplastic modifications of hepatocytes consisting in
atypical nuclei of increased size, prominent nucleoli, and mitoses. A: Cell dysplasia of moderate grade. H&E; magnification, X160. B: Cell dysplasia of severe
grade. H&E; magnification, X160. C and D: Rectal polyps consisting of mucosal prolapse with hyperplasia of the glands showing irregular branching and lined
by hypersecretive mucinous cells. Epithelial cells show crowding and vertically oriented nuclei without atypical figures. H&E; magnification, X63 (C) and X160
(D). E and F: Eye lesions: panophthalmitis with reduction of the eye volume, disappearance of ciliary body, detachment and dislocation of the retina, and diffuse
infiltration by pigmented cells. H&E; magnification, X25 (E) and X63 (F). G: Hydronephrosis with cyst-like spaces delimited by thin fibrous walls containing
residual glomeruli. H&E; magnification, X25. H: Myocardial scar consisting of fibrous tissue separating and replacing muscle cells. H&E; magnification, X160.
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well as hyperplastic/dysplastic lesions and non-neoplas-
tic alterations, with involvement of many organs. Only a
small proportion (11%) of control animals showed a total
of 68 lesions, whereas all of the transgenic mice were
affected, with a total of 282 lesions. In this transgenic
mouse model, we observed dermal lesions, similar to the
early phases of Kaposi’'s sarcoma, skin tumors (adeno-
carcinomas, leiomyosarcomas, and squamous cell car-
cinomas), lymphomas, hepatomas, hepatocarcinomas,
hyperplastic/dysplastic lesions, and polyps of the rectal
mucosa. Such results indicate multiple targets of the
transgene activity.

The incidence of tumors was not very high in BKV/tat
transgenic mice (29.2%), but statistically significant as
compared with the tumor frequency in controls (3.7%;
P = 10""). The low incidence of tumors suggests that
the transgene is not sufficient to induce a full oncogenic
process and that other cooperative events are necessary
for the development and/or progression of the tumor
phenotype. In addition, the presence of more than one
type of tumor in the same animal, although other animals
were tumor-free, suggests individual variations in the ex-
pression of the transgene. This may be due to position
effects, dependent on the integration of the transgene in
different sites of the genome in different animals, thus
receiving a variable influence on expression by the
endogenous transcriptional enhancers or silencers of
the host.

As in tat transgenic mice,3® skin tumors are predomi-
nant in BKV/tat transgenic mice, except that they showed
different histotypes. In fat transgenic mice, only fibrosar-
comas were observed. They arose over the skin lesions,
apparently as a progressive process of dermal alteration
initiated by spindle cell proliferation.3® In BKV/tat trans-
genic mice leiomyosarcomas, squamous cell carcinomas
and adenocarcinomas were observed. Only adenocarci-
nomas developed in controls, but with very low inci-
dence. These tumors did not arise over the skin lesions
and were not related to them. Thus, BKV/tat and tat
transgenic mice have the skin as a common target organ.
However, in BKV/tat transgenic mice the oncogenic pro-
cess involves more than one cell type, with a consequent
appearance of a variety of tumor histotypes.>®

In tat transgenic mice, 42.2% of male animals showed
proliferative lesions of the liver from nodular hyperplasia/
dysplasia to adenomas and carcinomas.*® Females had
a very low incidence of liver desease (3%), and hepato-
cellular carcinoma represented 27% of all liver lesions in
this model. Although the frequency of hepatocellular car-
cinoma was much lower in BKV/tat transgenic mice
(2.9%), several animals were affected by liver cell dys-
plasia. This lesion may represent a preneoplastic state.
As we observed liver hemangiomas, not only the hepa-
tocytes but also the endothelial cells in the liver seem to
be the target of the oncogenic activity.

BKV/tat transgenic mice developed B-cell ymphomas
significantly more frequently (7.6%) than control animals
(2.2%). This oncogenic effect may be due to a coopera-
tion between BKV TAg and tat, because transgenic mice
for BKV TAg develop lymphoid hyperplasia.*! Lympho-
mas in BKV/tat transgenic mice differed from those ob-

served in control animals, as they contained a greater
number of blastic lymphoid cells and mitotic figures,
indicating that cell proliferation was more active in trans-
genic mice. Conversely, amyloid depositions were com-
mon in lymphomas of both groups. Lymphomas and skin
adenocarcinomas were observed both in transgenic and
in control animals, but with greater frequency and earlier
appearance in transgenic than in control mice, suggest-
ing that the transgene may exert an enhancing effect on
some oncogenic factor constitutionally active in this strain
of mice.

BKV/tat transgenic mice developed also numerous hy-
perplastic/dysplastic and non-neoplastic lesions. Some
of them were exclusive, others common to both trans-
genic and control animals. However, the frequency of the
lesions observed in transgenic mice was always signifi-
cantly higher than in controls. The pathogenic nature of
these lesions was distinguished in two types: 1) a prolif-
erative type with evidence of cell hyperplasia (prolifera-
tion of fibroblasts and endothelial cells with consequent
neoangiogenesis, hyperkeratosis, liver cell dysplasia,
and rectal polyps) and sometimes of dysplasia with al-
teration of normal differentiation (skin ulcers, skin, and
liver cysts) and 2) a regressive/degenerative type with
inflammation, healing scars, and amyloidosis (eye le-
sions, phlogosis of the liver and kidneys, and myocardio-
sclerosis).

The tat gene expressed in all cells of transgenic mice
may cause modifications of the normal proliferation and
differentiation processes as well as of the immune re-
sponse by activating the expression of cellular genes and
by inducing cytokine secretion. Indeed, it was shown that
Tat induces the expression of several cytokines, such as
tumor necrosis factor,*? interleukin-2,*2 interleukin-6,3%44
and transforming growth factor-8.%° The nature of the
cooperation between BKV TAg and Tat protein in the
pathogenesis of the lesions appearing in BKV/tat trans-
genic mice seems to be mainly related to the transcrip-
tional activation of tat promoter by BKV TAg, which is a
potent transactivator of the HIV-1 LTR. As BKV early
region was detected in Kaposi’s sarcoma,*® we consid-
ered the possibility that BKV TAg participates in the in-
duction of endothelial proliferation in BKV/tat transgenic
mice. We have established an experimental model by
transforming mouse endothelial cells with BKV early re-
gion. These transformed endothelial cells, after subcuta-
neous inoculation into nude mice, did not induce angio-
genic tumors. Instead they induced solid tumors with the
characteristics of sarcomas, not particularly vascular-
ized. These tumors were surrounded by a thick wall of
fibrotic tissue and regressed after a short period
of growth. Transformed cells secrete a great amount of
transforming growth factor-g, which probably induces the
fibrotic process. (A. Corallini et al., manuscript in prepa-
ration). Considering these results, it is unlikely that BKV
TAg is involved in the endothelial proliferation observed
in BKV/tat transgenic mice. In addition, transgenic mice
for BKV TAg develop a syndrome different from that of
BKV/tat transgenic mice, characterized by a lymphopro-
liferative disease and kidney carcinomas.*' Therefore,
with the exception of lymphomas, which may involve a



cooperation between BKV TAg and fat in the induction of
the pathological phenotype, all of the other pathological
features in BKV/tat transgenic mice seem to be attribut-
able to tat expression.

On the other hand, the transcriptional activation of
HIV-1 LTR by BKV TAg seems to be very important in our
transgenic mouse model. In fact, BKV/tat transgenic
mice, where tat is expressed in all cells and tissues,
developed a variety of pathological phenotypes involving
many different organs, whereas mice transgenic only for
tat, where tat expression was detected only in the epi-
dermis and rarely in the liver, developed proliferative skin
and liver lesions®®“° but did not develop other patholog-
ical phenotypes.

The appearance of similar lesions in transgenic and in
control mice, but with greater frequency, with more se-
verity, and earlier in life in the transgenic group, suggests
that tat expression is supporting and activating a natural
predisposition of these animals to develop such lesions.
Finally, many neoplastic and non-neoplastic alterations
observed in BKV/tat transgenic mice, such as skin tu-
mors, KS-like lesions, lymphomas, liver cell dysplasia,
and hepatocarcinomas, and rectum and eye lesions, are
similar to the pathological findings observed in AIDS
patients, suggesting a relevant role for tat in the induction
of such lesions during the course of AIDS.
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